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Plain language summary

Plain language summary
Per- and polyfluoroalkyl substances (PFAS) are man-made chemicals that may have adverse
effects on the environment and human health. The primary aim of the PFAS Data Linkage Study
was to examine whether adverse health outcomes were more common in people who had lived in
towns with known PFAS contamination—Katherine in Northern Territory (NT), Oakey in
Queensland (Qld) and Williamtown in New South Wales (NSW) (the ‘exposure towns’). To do this,
we compared rates of selected health outcomes in these towns, to rates in other separate but
similar areas in Australia not known to have PFAS contamination (the ‘comparison areas’).
We conducted three separate studies that investigated four groups of health outcomes. Study 1
investigated maternal and infant (perinatal) health (15 outcomes); Study 2 examined childhood
development (6); and Study 3 investigated cancer (23) and deaths due to specific causes (4)—a
total of 48 outcomes. All studies used multiple data sources with records collected over many
years, which were linked to create richer datasets for analyses. All data used were originally
collected for administrative purposes. We only used data that did not identify individual people and
no direct contact was made with anyone whose data were included in the studies.
Over the three separate studies, for most of the health outcomes studied we did not conclude that
rates were higher in the towns than the comparison areas. For several health outcomes studied, we
observed higher rates in one but not the other two towns. These were: in Katherine, prostate cancer;
in Oakey, stillbirth, developmental vulnerability in two domains (physical health and wellbeing, and
communication skills and general knowledge) and laryngeal cancer; and in Williamtown,
postpartum haemorrhage (heavy blood loss following pregnancy), pregnancy-induced
hypertension (high blood pressure), kidney cancer and lung cancer. Rates of death from coronary
heart disease were higher in both Oakey and Williamtown.
For most of these health outcomes, we estimated the differences between the towns and
comparison areas to be relatively small. For others, the differences were of modest size, but our
estimates were imprecise, meaning the likely size of each difference could be anywhere between
quite small to quite large. Even though our studies included almost everyone who had ever lived in
the towns in the years we had available data (in some cases dating back to 1983), some of the
conditions studied are uncommon and we observed only a few cases. For these outcomes, we could
not precisely estimate the differences between the towns and comparison areas, and there is very
little we can say about whether a difference really exists.
Due to the nature of our studies, there were certain design limitations. We were unable to fully
account for certain risk factors (e.g. smoking) that could have led to observed differences in rates
(or lack of them) between the towns and comparison areas (‘confounding’). In particular, we were
not able to account for socioeconomic factors as well as we would have liked. This is important, as
socioeconomic conditions are strongly linked to health. In addition, some findings could have arisen
just by chance alone and not because an association truly exists.
In light of the above, while there were higher rates of some adverse outcomes in individual towns,
the evidence suggesting that this was due to living in these areas was limited. We did not have
direct measurements of PFAS exposure and we cannot rule out that the higher rates were due to
chance or confounding. Further, there was low consistency in our observations across the three
towns (something we would not expect if PFAS caused an outcome), and there is limited evidence
from other studies observing similar results or explaining how potential biological processes can
result in PFAS causing these effects in humans. Overall, our findings are consistent with previous
studies, which have not conclusively identified causative links between PFAS and these health
outcomes.
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Technical summary
Background
Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals classified as contaminants of
emerging concern due to their potential adverse effects on the environment and human health.
From 2013 to 2017, the Australian Government identified PFAS contamination affecting the local
environments of Katherine in NT, Oakey in Qld, and Williamtown in NSW—known as the PFAS
Management Areas. The primary aim of the PFAS Data Linkage Study was to examine whether
rates of particular adverse health outcomes (candidate outcomes a) were higher among people who
had lived in the PFAS Management Areas than among people who had lived in separate but similar
areas in Australia not known to have PFAS contamination (the ‘comparison areas’).

Methods
We conducted three separate studies that investigated four groups of health outcomes. Study 1
investigated maternal and infant (perinatal) health (15 outcomes); Study 2 examined childhood
development (6); and Study 3 investigated cancer (23) and cause-specific mortality (4)—a total of
48 outcomes. We also examined three control outcomes. b
For each study, we selected participants based on their place of residence as recorded in the
State/Territory Perinatal Data Collections of NT (1986–2017), Qld (2007–2018) or NSW (1994–2018)
at the time of giving birth (Study 1), or the national Medicare Enrolment File (1983–2019) (Studies
2 and 3). The ‘exposed’ populations included everyone who had a recorded address in the PFAS
Management Areas. Those who had an address in a comparison area were eligible to be selected
into the ‘comparison’ populations. Altogether, we analysed 16,970 pregnancies, 2,429 children, and
156,228 people (4 million person-years) in NT for Studies 1, 2 and 3 respectively; 4,654 pregnancies,
2,592 children, and 124,278 people (3.4 million person-years) in Qld; and 7,475 pregnancies, 510
children, and 38,381 people (1.1 million person years) in NSW.
We ascertained outcomes from the Perinatal Data Collections in Study 1. For the other two studies,
we ascertained outcomes by linking the study populations to the Australian Early Development
Census (AEDC) (2009, 2012, 2015, 2018) in Study 2; and to the Australian Cancer Database (1982–
2017) and National Death Index (1980–2019) in Study 3. We used statistical methods to estimate
adjusted relative risks (RR) for perinatal and childhood development outcomes, and standardised
incidence ratios (SIR) for cancer and cause-specific mortality outcomes, taking into account
potential confounders as far as was possible given the available data.

Results
For most candidate outcomes, we did not conclude that rates were higher in the PFAS
Management Areas relative to the comparison areas, including where estimates were too
imprecise to draw any inferences. For several outcomes, we estimated small to modest elevations
in rates of individual outcomes, which were not consistently observed across the exposure areas.
These were: in Katherine, prostate cancer (SIR = 1.76, 95% confidence interval (CI) 1.36 to 2.24); in
Oakey, stillbirth (adjusted RR = 2.59, 1.25 to 5.39), developmental vulnerability in two AEDC
domains (physical health and wellbeing , adjusted RR = 1.31, 1.06 to 1.61; and communication skills
and general knowledge , adjusted RR = 1.49, 1.18 to 1.87), laryngeal cancer (SIR = 2.71, 1.30 to 4.98),

Candidate outcomes were adverse health outcomes proposed by the study team based on The PFAS Health
Study Systematic Literature Review and considerations of data availability.

a

b

Control outcomes were health outcomes not known or thought to be associated with PFAS.
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and coronary heart disease mortality (SIR = 1.22, 1.01 to 1.47); and in Williamtown, postpartum
haemorrhage (adjusted RR = 1.94, 1.13 to 3.33), pregnancy-induced hypertension (adjusted RR =
1.88, 1.30 to 2.73), kidney cancer (SIR = 1.82, 1.04 to 2.96), lung cancer (SIR = 1.83, 1.39 to 2.38), and
coronary heart disease mortality (SIR = 1.81, 1.46 to 2.33). For these key findings, adjusted absolute
risks, which provide an indication of effects on the absolute scale, are provided in the main report.
We also saw elevated rates of control outcomes: in Oakey, death from any external cause apart
from self-harm (SIR = 1.38, 1.08 to 1.73) and death from intentional self-harm (SIR = 1.44, 1.08 to
1.89); and in Williamtown, death from intentional self-harm (SIR = 1.89, 1.04 to 3.18).
These findings should be interpreted in light of study weaknesses. Being observational studies,
results could have been biased by differences between the exposed and comparison populations
that we could not account for. We did not have complete information for certain risk factors (e.g.
smoking) and were limited in our ability to control, other than crudely, for socioeconomic factors.
Some findings may also have arisen purely by chance particularly as we studied a large number of
outcomes.

Conclusion
There was limited support in these studies for effects of living in PFAS Management Areas on
candidate health outcomes. While there were higher rates of some adverse outcomes in individual
areas, the evidence suggesting that this was due to living in these areas was limited. We did not
have direct measurements of PFAS exposure and we cannot rule out that the higher rates were
due to chance or confounding. Further, there was low consistency in observed associations across
the three PFAS Management Areas, some control outcomes were elevated, and at present, there
is limited prior evidence or biological plausibility for PFAS causing these outcomes in humans.
Overall, our findings are consistent with previous studies, which have not conclusively identified
causative links between PFAS and these health outcomes.
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AARNET

Australian Academic and Research Network

ABS

Australian Bureau of Statistics

ACD

Australian Cancer Database

ACT

Australian Capital Territory

AEDC

Australian Early Development Census

AFFF

Aqueous film forming foam

AIHW

Australian Institute of Health and Welfare

ANU

Australian National University

APP

Australian Privacy Principles

ARIA+

Accessibility and Remoteness Index of Australia

ASGS

Australian Statistical Geography Standard

ATSDR

Agency for Toxic Substances and Disease Registry

BMI

Body mass index

CHeReL

Centre for Health Record Linkage

CI

Confidence interval

DISC

Data Integration Services Centre

GEE

Generalised estimating equations

G-NAF

Geocoded National Address File

HREC

Human Research Ethics Committee

ICD-9

International Statistical Classification of Diseases and Related Health
Problems, Ninth Revision, Australian Modification

ICD-10

International Statistical Classification of Diseases and Related Health
Problems, Tenth Revision

ICD-10-AM

International Statistical Classification of Diseases and Related Health
Problems, Tenth Revision, Australian Modification

IQ

Intelligence Quotient

IR

Incidence ratio

IRSD

Index of Relative Socioeconomic Disadvantage

LDL

Low-density lipoprotein

LGA

Large for gestational age

MEF

Medicare Enrolment File

NDI

National Death Index

ng/ml

Nanograms per millilitre

NHMRC

National Health and Medical Research Council

NSW

New South Wales

NT

Northern Territory

PFAS

Per- and polyfluoroalkyl substances

PFHxS

Perfluorohexane sulfonic acid

PFOA

Perfluorooctanoic acid
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PFOS

Perfluorooctane sulfonic acid

PFNA

Perfluorononanoic acid

PIH

Pregnancy-induced hypertension

PMA

PFAS Management Areas

PMKeyS

Personnel Management Key Solution database

PPARa

Peroxisome proliferator-activated receptor alpha

Qld

Queensland

RAAF

Royal Australian Air Force

RR

Risk ratio/relative risk

SA

South Australia

SA1

Statistical Area Level 1

SA2

Statistical Area Level 2

SD

Standard deviation

SDQ

Strengths and Difficulties Questionnaire

SES

Socioeconomic status

SGA

Small for gestational age

SIR

Standardised incidence ratio

SURE

Secure Unified Research Environment

Tas

Tasmania

USA

United States of America

Vic

Victoria

VII

Voluntary Indigenous Identifier database

WA

Western Australia
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Introduction

Introduction
Per- and polyfluoroalkyl substances (PFAS) are synthetic chemicals classified as contaminants of
emerging concern due to their potential adverse effects on the environment and human health.
Given their stability and useful properties, PFAS are used for a wide range of purposes, such as in
the manufacture of fabric protectant, non-stick cookware and aqueous film forming foams (AFFF),
which were used to extinguish liquid fuel fires in aviation settings. The extensive use of PFAS for
household and industrial purposes since the 1950s, and the subsequent movement of PFAS
through water sources and adjacent land, led to environmental contamination across the world.3-5
In response, major manufacturers have phased many long-chain perfluoroalkyl substances out of
production.6,7
Concerns over the potential for PFAS to adversely affect human health arise from the ease with
which they are absorbed into, distributed through and retained in the body.8,9 Human exposure to
PFAS occurs predominantly through ingestion and absorption into the blood stream via the
digestive tract, but may also occur through inhalation or skin absorption (dermal). The elimination
half-life c in human blood varies with the type of PFAS, ranging from 3−5 years for perfluorooctane
sulfonic acid (PFOS), 5−8 years for perfluorohexane sulfonic acid (PFHxS) and 2−3 years for
perfluorooctanoic acid (PFOA).10,11
The epidemiological literature on the health effects of PFAS includes studies in three different
types of populations: workers exposed in chemical plants that use or produce PFAS (occupational
exposure), high-exposure communities in areas near plants with documented contamination of the
local environment and drinking water supply (community exposure), and the general population
(background exposure). Outside of Australia, key studies involving community exposure include
those among residents of Ohio and West Virginia in the USA (C8 Health Project),12 the Veneto
Region of Northern Italy,13-17 Uppsala in Sweden (the Prospective Investigation of the Vasculature
in Uppsala Seniors Study),18-20 and an ongoing study involving residents of Ronneby, Sweden.21-24
Epidemiological and toxicological investigations indicate a range of potential effects on
metabolism, immunity, reproduction and development; specifically, disruptions to kidney and liver
functions and uric acid metabolism, abnormal thyroid levels, suppression of some immune
responses,
higher
total
and
low-density
lipoprotein
(LDL)
cholesterol
levels
8,25-34
(hypercholesterolaemia) and small reductions in birth weight.
PFAS exposure may also
contribute to pregnancy-induced hypertension, decreased male and female fertility35-38 and
testicular and kidney cancer.39,40 Adverse psychological impacts associated with living in
contaminated areas have also been suggested.41 However, while epidemiological data suggest
associations between PFAS and several health effects, most of the studies are cross-sectional in
design and cannot establish causality.
In Australia, PFAS contaminations have occurred in environments surrounding firefighting training
grounds, airports and military bases where AFFF were in frequent use. From the 1970s, Australian
Department of Defence bases used AFFF products, mainly 3M Light Water for fire emergencies
and training purposes.42-44 Light Water contains PFOS and PFHxS as the main active
ingredients.45 In 2002, the 3M Company ceased production of Light Water due to environmental
and human health concerns. In following years, the Department of Defence discontinued use of
Light Water across Australian military bases.
From 2013 to 2017, the Australian Government identified PFAS contamination affecting the
environment surrounding the Royal Australian Air Force (RAAF) bases at Tindal in Katherine,
The length of time required for the body to eliminate half of a substance that has been taken into the body
by normal physiological processes.

c
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Northern Territory (NT) and Williamtown, New South Wales (NSW), and the Oakey Army Aviation
Centre in Oakey, Queensland (Qld).46-48 Environmental investigations of PFAS concentrations in
ground and surface water, sediment, and soil showed PFAS concentrations were highest in water
sources and land located near the military bases. The affected environments are referred to as
PFAS Management Areas.
In response to the PFAS contamination in these areas, the Australian Department of Health
commissioned the Australian National University (ANU) to conduct an epidemiological study to
investigate exposure to and possible health effects of PFAS in Katherine, Oakey and Williamtown.
During Phase I, the PFAS Health Study team conducted a systematic review to examine the health
effects of PFAS in humans as reported in published literature.49 Phase II included an
epidemiological study of the three PFAS-affected communities, which comprised four studies; a
focus group study,50 a blood serum study,51 a cross-sectional survey52 and a data linkage study.
This document outlines the aims, methods, results and conclusions of the data linkage study.

Aims and objectives
The primary aim of the PFAS Data Linkage Study was to examine whether adverse health outcomes
possibly caused by PFAS exposure (hereafter referred to as candidate outcomes) were more
common among people who had lived in the Australian PFAS Management Areas of Katherine,
Oakey and Williamtown (the exposure areas), than among people who had lived in separate but
similar areas in Australia not known to have PFAS contamination (the comparison areas).
The candidate outcomes investigated were those determined a priori to be possibly associated
with PFAS exposure based on The PFAS Health Study Systematic Literature Review,53 and which
could be measured in routinely collected administrative data. We also investigated several
identified control outcomes, which were adverse health outcomes not known or thought to be
associated with PFAS.

Research questions
1.

2.

What are the rates of candidate outcomes among people who have lived in the PFAS
Management Areas of Williamtown, Oakey and Katherine, relative to people who have
lived in comparison areas after adjusting for sociodemographic and other
characteristics?
What are the rates of control outcomes among people who have lived in the PFAS
Management Areas of Williamtown, Oakey and Katherine, relative to people who have
lived in comparison areas after adjusting for sociodemographic and other
characteristics?

We hypothesised that if living in the PFAS Management Areas of Katherine, Oakey or Williamtown
increased the risk of adverse health outcomes, we would observe higher adjusted rates of
candidate outcomes in these areas than in the comparison area, while the adjusted rates of control
health outcomes would be similar across the exposure and comparison areas.
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Overview of methods
We conducted three separate data linkage studies, investigating four groups of health outcomes.
The first of these studies investigated perinatal outcomes; the second examined childhood
development; and the third investigated cancer and death from specific causes (cause-specific
mortality). Different data sources and analyses were used to study each group of outcomes.
We used routinely collected administrative data for all studies and no direct contact was made
with study participants. For the first study, we used jurisdictional Perinatal Data Collections. For
the other studies, we used data from the Medicare Enrolment File linked to the Australian Early
Development Census (Study 2) or to the Australian Cancer Database and the National Death Index
(Study 3).
For each study, we selected participants based on their place of residence as recorded in either
the Perinatal Data Collections (Study 1) or the Medicare Enrolment File (Studies 2 and 3). Those
who had a recorded residential or mailing address that matched any address in the PFAS Address
Database (Box 1) were classified as being in the ‘exposed’ populations. Those who had a recorded
residential or mailing address that matched any postcode in comparison areas were identified as
eligible to be selected in the ‘comparison’ populations (Box 1). Figure 1 shows the locations of
Katherine, Oakey and Williamtown, and the postcodes of the corresponding comparison areas. An
illustration of how the study populations were selected is shown in Figure 2.
Figure 1. Map of Katherine, Oakey and Williamtown and corresponding postcodes of comparison areas,
showing sample sizes for each of the three separate studies conducted under the PFAS Data Linkage Study

Data linkages were performed by a Commonwealth-accredited data integration authority and
State/Territory data linkage nodes. More details on linkage authorities and application of the
separation principle, a privacy protection measure, are available in Appendix 1.
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In the following sections of this report, we describe the methods and findings for each study
separately. Despite differences in methods, the main findings—from comparing outcomes in the
exposed with the comparison populations—are presented in terms of a summary statistic of
relative effect. The relative effect is the ratio of the rate of an outcome in the exposed population
to the rate in the comparison population, expressed as either a risk ratio/relative risk (RR) or an
incidence ratio (IR). d We estimated relative effects using statistical models to enable adjustment
for sociodemographic and other potential confounding factors—that is, factors apart from PFAS
exposure e that may account, at least in part, for differences in outcomes observed (‘effects’)
between the exposed and comparison populations. These models also generate confidence
(uncertainty) intervals around the estimates. Information on interpreting effect estimates and
confidence intervals are presented in Box 2. A glossary of technical terms is available on page 62.
We analysed outcomes separately by State, rather than combining data across all States. We did
this as the levels of exposure and sources of exposure (such as through consumption of food or
bore water) are likely to have been different across Katherine, Oakey and Williamtown over the
study period. All data analyses and graphs for this report were generated using SAS software. f A
summary of the methods for each group of outcomes can be seen in Table 1.
The values of effect estimates are not the only information we use when interpreting the findings
from these studies. It is also important to consider other factors such as biases due to
measurement error and uncontrolled confounding. In addition, an observed association between
exposure and outcome does not necessarily represent a causal relationship. Inferences of
causality require data beyond that from a single study and involve considerations of the magnitude
of estimates, the consistency of findings within and across other studies, and biological plausibility
(among other criteria). We discuss this in the concluding section of the report.
The PFAS Data Linkage Study received approval from nine health research ethics committees, and
a waiver of consent pursuant to section 95 of the Privacy Act 1988 (Cth). More details on ethical
approvals, data storage and secure access are available in Appendix 2.

For simplicity, the term rate is used here to include incidence proportion (risk) as well as incidence rate
(events per unit of person-time). Some perinatal outcomes are measured (such as birthweight). For these
outcomes, the effect is reported as the difference between, rather than ratio of, the measured outcome in the
exposed population and the comparison population.
d

e

Defined in our studies as living in a PFAS Management Area.

Version 9.4 of the SAS System for Windows. Copyright © 2017 SAS Institute Inc. SAS and all other SAS
Institute Inc. product or service names are registered trademarks or trademarks of SAS Institute Inc., Cary,
NC, USA.

f
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Box 1. Address databases

The PFAS Address Database
The study team constructed a PFAS Address Database for the purposes of the PFAS Health
Study. The boundaries of the PFAS Management Areas, defined by the Australian Department
of Defence, were provided to the study team as a set of vector coordinates—longitude and
latitude values—that demarcate the catchment areas. We used these coordinates to extract
all relevant street addresses that fell inside the catchment areas, and those that lay on the
boundaries, from the Geocoded National Address File (G-NAF).1 The G-NAF contains address
data for over 14 million physical addresses in Australia, including State, suburb, street, number
and coordinates. The G-NAF does not contain any personal information or details relating to an
individual or business.
The PFAS Address Database comprised a total of 5,883 street addresses: 3,007 addresses in
Katherine, 1,958 in Oakey and 918 in Williamtown. We used ArcGIS v 10.7.1 software to facilitate
the extraction of street addresses.
Comparison areas postcode list
The study team chose comparison areas separately for each of the three PFAS Management
Areas. Comparison areas were selected from within the same State or Territory as each of the
exposed areas, and had similar sociodemographic profiles to the corresponding exposed area
in terms of the following characteristics: socioeconomic disadvantage measured by the
Australian Bureau of Statistics’ (ABS) Index of Relative Socioeconomic Disadvantage (IRSD)
deciles, geographical remoteness measured by the Accessibility and Remoteness Index of
Australia (ARIA+) categories (Very Remote, Remote, Outer Regional, Inner Regional and Major
Cities), and estimated proportion of Aboriginal and/or Torres Strait Islander residents.
Comparison areas were selected at the Statistical Area Level 2 geographical level (SA2) before
being translated to postcodes. As many postcodes as necessary were then chosen, such that
the expected comparison population was approximately four times that of the exposed
population (see Appendix 3 for more detail).
The comparison area postcodes for the three exposed areas were:
•
•
•

For Katherine: 0800, 0828, 0829, 0835, 0836, 0837, 0838, 0840, 0841, 0845, 0846,
0880, 0886
For Oakey: 4311, 4371, 4372, 4373, 4610
For Williamtown: 2334, 2335, 2864, 2865, 2866, 2867, 2477.
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Box 2. Interpretation of effect sizes and confidence intervals

A relative effect measure—such as a risk ratio (RR) or incidence ratio (IR)—is the ratio of the
rate of an outcome in the exposed population to the rate in the comparison population. Relative
effect estimates include a point estimate and an accompanying 95% confidence interval (CI),
which gives a range of probable values for the estimate (e.g. RR = 1.88, 95% CI 1.30 to 2.73). The
width of the CI reflects the precision of an estimate: the narrower the CI, the more precise the
estimate.
The point estimate and its CI are also collectively known as the interval estimate and can be
interpreted as follows:
1.

If the point estimate and its CI are greater than 1, the data point to the conclusion that
the rate is higher in the exposed population than the comparison population. The further
away from 1, the stronger the effect size.

2.

If the point estimate and its CI are below 1, the data point to the conclusion that the rate
is lower in the exposed population than the comparison population. The further away
from 1, the stronger the effect size.

3. If the CI includes 1, the data are compatible with no difference (‘no effect’). However,
there are three possible interpretations:
• If the upper and lower limits of the CI are close to 1 (e.g. 0.96 to 1.04), the data point
to the conclusion that there is no (meaningful) difference in rates between the
exposed and comparison populations.
• If one of the CI limits is close to 1 (e.g. 0.95 to 3.90) rates are likely different, but too
imprecise to confidently conclude there is an effect (‘uncertain’).
• If the CI is wide and neither of its limits are close to 1 (e.g. 0.60 to 3.90), we are unable
to conclude whether rates are different, and they could range from anywhere
between much lower to much higher.
When an absolute difference measure is used rather than a ratio (e.g. difference in means), the
reference point of no difference is 0 instead of 1. That is:
1.

If the point estimate and its CI are greater than 0, the data are most compatible with the
conclusion that the mean is higher in the exposed population than the comparison
population.

2.

If the point estimate and its CI are below 0, the data are most compatible with the
conclusion that the mean is lower in the exposed population.
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Figure 2. Selection of study populations, classification of exposure status and outcomes, showing linkages between databases
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Table 1. Overview of data sources and methods for each group of health outcomes, PFAS Data Linkage Study
Study

Health
outcome

Data sources

Unit of
analysis

Study 1

Perinatal
outcomes

NSW PDC (1994–2018), Singleton
NT Perinatal Trends
pregnancy
(1986–2017),
Qld PDC (2007–2018)

Outcome
measure

Statistical
approach

Effect
measure

Proportion
(risk) for
binary
outcomes

Modified
Poisson
regression

Adjusted
relative risk

Mean for
continuous
outcomes

Linear
regression

Adjusted
difference in
means
Adjusted
relative risk

Study 2 Childhood
Linked MEF-AEDC
development (2002–2018)

Individual
children

Risk

Modified
Poisson
regression

Study 3 Cancer

Linked MEF-ACD
(1983–2017)

Personyears

Incidence
rate

Indirect
Standardised
standardisation incidence
ratio

Linked MEF-NDI
(1983–2019)

Personyears

Incidence
rate

Indirect
Standardised
standardisation incidence
ratio

Causespecific
mortality
Tables notes
1.

A glossary of technical terms is available on page 62.

2.

Abbreviations—PDC: Perinatal Data Collection, MEF: Medicare Enrolment File, AEDC: Australian Early
Development Census, ACD: Australian Cancer Database, NDI: National Death Index
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Study 1: Perinatal outcomes
This study included women who had lived in an exposure or comparison area and gave birth during
that period of residence. We examined maternal and infant outcomes experienced during
pregnancy and at or around the time of the infant’s birth as recorded in the Perinatal Data
Collection of the State or Territory where the mother was living at the time.

Methods
Data sources and study population
In this study, we used data from the NT, Qld and NSW Perinatal Data Collections, linked to the
PFAS Address Database and comparison area postcodes (Box 1).
Perinatal Data Collections
Each State and Territory has a Perinatal Data Collection that captures information about each
mother’s pregnancy care, services accessed and pregnancy and birth outcomes. All live births and
stillbirths of at least 400 grams birth weight or at least 20 weeks’ gestation are included in these
data collections. Information captured relating to the mother include demographic characteristics,
and factors relating to the pregnancy, labour and birth. Information relating to the baby includes
sex, birth status, gestational age at birth, birth weight, neonatal morbidity and fetal deaths.
The following jurisdictional Perinatal Data Collections, with data spanning 1986 to 2018, were
available for the study:
•
•
•

NT Perinatal Trends (January 1986–December 2017)
Qld Perinatal Data Collection (July 2007–December 2018)
NSW Perinatal Data Collection (January 1994–December 2018).

Selection of study populations
The study populations were selected and classified based on place of residence as described
earlier (see Overview of methods and Figure 2). We included all pregnancies where the mother’s
residential address at the time of giving birth was in the PFAS Management Areas of Katherine,
Oakey or Williamtown, or in a comparison area. As the NT Perinatal Trends database does not
collect addresses at the street level, we selected mothers whose locality contained the string
‘Katherine’, thus encompassing Katherine, Katherine East and Katherine South. Pregnancies were
excluded if they were from a multiple gestation to minimise potential confounding.

Study variables
Outcomes
We examined 15 outcomes: 12 adverse perinatal outcomes, coded as binary variables (outcome
present or not present), and three growth measurements (continuous variables). All outcome
variables were derived from information in the Perinatal Data Collections. The variables were either
available directly (pre-defined in the datasets), derived from multiple variables, or based on the
International Classification of Diseases Australian Modification, 10th revision (ICD-10-AM) codes.
Table 2 shows all outcomes examined in this study and their definitions.
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Table 2. Outcome definitions for the group of perinatal outcomes
Health outcome

Outcome type

Definition

Binary

As pre-defined in dataset or ICD-10-AM: O24.4

Adverse perinatal outcome
Gestational diabetes

Pregnancy-induced hypertension Binary

Gestational hypertension or pre-eclampsia, or ICD-10AM: O13, O14

Caesarean/assisted vaginal

Binary

Caesarean or assisted vaginal birth (including forceps,
vacuum extraction, vaginal breech)

Emergency caesarean

Binary

Caesarean after spontaneous or induced onset of
labour

Postpartum haemorrhage

Binary

As pre-defined in dataset or ICD-10-AM: O72

Preterm birth

Binary

Gestation at birth <37 completed weeks

Spontaneous preterm

Binary

Gestation at birth <37 completed weeks with
spontaneous onset of labour

Small for gestational age (SGA)

Binary

Birth weight below 10th percentile for age†

Large for gestational age (LGA)

Binary

Birth weight above 90th percentile for age†

Still birth

Binary

As pre-defined in dataset

Low Apgar* score at 5 minutes

Binary

Score <7

Term low Apgar* score at 5
minutes

Binary

Score <7 in babies born ≥37 weeks gestation

Term birth weight

Continuous

Weight in grams in babies born ≥37 weeks gestation

Term birth length

Continuous

Length in cm in babies born ≥37 weeks gestation

Term head circumference

Continuous

Head circumference in cm in babies born ≥37 weeks
gestation

Growth measure

Table notes
* Apgar is a mnemonic frame of reference to assess a neonate’s vital signs: appearance (skin colour), pulse,
grimace (reflex irritability), activity (muscle tone) and respiration.54 Scores of six and lower indicate that
medical attention is required.
†

Percentile cut-offs taken from Dobbins et al. (2012).55

Exposure and other variables
The exposure variable in our analyses was residence in a PFAS Management Area (yes/no), as
defined earlier. All other variables used to adjust for potential confounding (see analysis section
below) were based on information in the relevant Perinatal Data Collection.

Statistical analysis
Main analyses
For each binary outcome, we calculated the proportions with the outcome (risk) in the exposed and
comparison populations. Proportions were calculated as the number of cases (number of
pregnancies/births with the outcome) divided by the total number of pregnancies/births. To
estimate risk in the exposed pregnancies relative to the comparison pregnancies, we generated
relative risks (RR) and 95% CIs using a modified Poisson approach with robust estimation of error
variance.56 For continuous outcomes, we measured the means and standard deviations for babies
in the exposed and comparison populations. We used linear regression models to estimate the
difference in means between groups and 95% CIs.
Australian National University
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To take potential confounding into account in our RR and difference estimates, we specified two
models for each outcome. Model 1 was a minimally adjusted model, with adjustments for maternal
age (in years), maternal Aboriginal and Torres Strait Islander status (Indigenous, non-Indigenous), g
and baby’s year of birth for all outcomes; and additionally gestational age in completed weeks (37,
38, 39, 40, ≥41 weeks) for outcomes restricted to term babies (≥37 weeks) only. In Model 2 we
additionally adjusted for the following where relevant: maternal country of birth (Australia,
overseas), parity (0, 1, ≥2), marital status (married or de facto, other), pre-pregnancy body mass
index (BMI in kg/m2), any smoking during pregnancy (smoker, non-smoker), baby sex (male, female),
and macrosomia (birth weight ≥4000g). Year of birth, maternal age, and pre-pregnancy BMI were
treated as continuous covariates, all of which were modelled as natural cubic splines with three
knots. Covariate data were available over varying periods for each jurisdictional Perinatal Data
Collection. Therefore, Model 2 contained fewer years of data than minimally adjusted models.
For all outcomes, we used a generalised estimating equations (GEE) method with an exchangeable
correlation structure to account for repeated measures (mothers who had more than one
pregnancy over the study period).
Sensitivity analyses
We conducted the following sensitivity analyses:
a) Gestational diabetes was included as an additional covariate in Model 2 for the following
outcomes: caesarean or assisted vaginal birth, large for gestational age and term birth
weight.
b) Alternative parameterisation of continuous covariates as categorical variables: year of
birth (10-year bands for NT and NSW, 5-year bands for Qld), maternal age (0–19, 20–24, 25–
29, 30–34, ≥35 years) and pre-pregnancy BMI (0–<18.5, 18.5–<25, 25–<30, ≥30 kg/m2).
Deviations from the original study protocol
There was one deviation from the original study protocol, outlined in Appendix 4.

Results
Description of the study population
From the NT, Qld and NSW Perinatal Data Collections, we identified 29,870 pregnancies in 21,187
mothers who were living in Katherine, Oakey or Williamtown, or a comparison area, at the time of
giving birth. After excluding 771 instances of multiple pregnancies h, we included 29,099 singleton
pregnancies in 20,976 mothers in this analysis.
Overall, 22% (6,459/29,099) of the pregnancies were in mothers living in Katherine, Oakey or
Williamtown at the time of giving birth, and were classified as the exposed population. We
classified 78% (22,640/29,099) of pregnancies as comparison, as the mother was living in a
comparison area at the time of birth. The largest number of pregnancies was in NT (5,606 (33%)
exposed, 11,364 (67%) comparison), followed by Qld (665 (14%) exposed, 3,989 (86%) comparison)
and NSW (188 (2.5%) exposed, 7,287 (97.5%) comparison). Sample sizes and characteristics by
State/Territory and exposure status are shown in Table 3.

Mothers who had two or fewer pregnancy records were coded as Aboriginal and Torres Strait Islander if the
mother identified as Aboriginal and/or Torres Strait Islander at least once. Mothers who had more than two
pregnancies were coded as Aboriginal and Torres Strait Islander if the mother identified as Aboriginal and/or
Torres Strait Islander at least two times. This method was based on the multi-stage medium algorithm but as
there was only one dataset, only the first stage was applied (Christensen, 2014).
g

h

Twins, triplets or other multiples
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Table 3. Characteristics of study populations for analysis of perinatal outcomes
NT
Exposed
n (%)

Characteristic

Comparison
n (%)

Qld
Exposed
n (%)

Comparison
n (%)

NSW
Exposed
n (%)

Comparison
n (%)

Mothers
Total sample1

4,083

8,607

513

2,876

144

4,871

Country of birth
Australia

3,529 (87) 6,825 (80)

463 (90)

2,642 (92)

130 (90)

4,522 (93)

Overseas

543 (13)

1,720 (20)

50 (10)

234 (8)

14 (10)

349 (7)

Missing/unknown

11

62

0

0

0

0

No

2,916 (71)

6,795 (79)

424 (83)

2,707 (94)

139 (97)

4,651 (96)

Yes

1,167 (29)

1,806 (21)

89 (17)

169 (6)

≤5

206 (4)

Missing/unknown

0

6

0

0

≤5

14

5,606

11,364

665

3,989

188

7,287

1985–1994

1,731 (31)

2,457 (22)

N/A

N/A

≤5

264 (4)

1995–2004

1,724 (31)

3,466 (31)

N/A

N/A

41 (22)

2,754 (38)

2005–2014

1,736 (31)

4,157 (37)

445 (67)

2,681 (67)

100 (53)

3,033 (42)

2015–latest

415 (7)

1,283 (11)

220 (33)

1,308 (33)

44 (23)

1,236 (17)

Missing/unknown

0

1

0

0

≤5

0

925 (8)

87 (13)

360 (9)

≤5

332 (5)

Indigenous status²

Pregnancies
Total sample1
Year of birth

Mother’s age (at baby’s birth)3
<20

606 (11)

20–24

1,344 (24) 2,182 (19)

201 (30)

961 (24)

22 (12)

1,284 (18)

25–29

1,714 (31)

3,187 (28)

194 (29)

1,281 (32)

60 (32)

2,374 (33)

30–34

1,315 (23)

3,252 (29)

121 (18)

865 (22)

60 (32)

2,105 (29)

35–39

526 (9)

1,534 (14)

62 (9)

522 (13)

39 (21)

976 (13)

40+

101 (2)

281 (2)

N/A

N/A

6 (3)

215 (3)

Missing/unknown

0

3

0

0

≤5

1

929 (8)

61 (9)

314 (8)

15 (8)

399 (5)

Gestation age (weeks)
≤36

455 (8)

37–40

4,298 (77) 9,046 (80)

524 (79)

3,209 (80)

139 (74)

5,553 (76)

41+

827 (15)

1,300 (12)

80 (12)

465 (12)

34 (18)

1,332 (18)

Missing

26

89

0

1

0

3

Baby sex
Female

2,688 (48) 5,607 (49)

329 (49)

1,899 (48)

94 (50)

3,552 (49)

Male

2,916 (52) 5,753 (51)

336 (51)

2,090 (52)

94 (50)

3,735 (51)

Missing/unknown

2

0

0

0

0

4

(Table continued over)
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NT
Characteristic

Exposed
n (%)

Comparison
n (%)

Qld
Exposed
n (%)

Comparison
n (%)

NSW
Exposed
n (%)

Comparison
n (%)

Mothers
Maternal parity
No prior birth

2,087 (37) 4,683 (41)

190 (29)

1,033 (26)

72 (38)

2,595 (36)

One prior birth

1,676 (30) 3,501 (31)

160 (24)

1,054 (26)

69 (37)

2,436 (33)

≥Two prior births

1,840 (33) 3,156 (28)

315 (47)

1,902 (48)

47 (25)

2,246 (31)

Missing/unknown

3

0

0

0

10

24

Marital status
(at birth)⁴
Married/de facto

3,610 (65) 7,156 (64)

484 (73)

3,133 (79)

12 (80)

960 (87)

Other

1,959 (35) 4,014 (36)

181 (27)

856 (21)

3 (20)

148 (13)

Missing/unknown

37

194

0

0

173

6,179

0–<18.5

13 (3)

48 (3)

25 (4)

210 (5)

≤5

34 (4)

18.5–<25

209 (43)

772 (53)

253 (41)

1,596 (41)

12 (41)

404 (44)

25–<30

139 (29)

393 (27)

160 (26)

1,012 (26)

≤10

244 (27)

30+

125 (26)

257 (17)

180 (29)

1,072 (28)

9 (31)

228 (25)

Missing/unknown

5,120

9,894

47

99

159

6,377

Pre-pregnancy BMI⁵

Smoking during
pregnancy⁶
No

2,293 (68) 5,623 (75)

471 (71)

2,959 (74)

158 (84)

5,909 (81)

Yes

1,092 (32) 1,912 (25)

191 (29)

1,025 (26)

30 (16)

1,355 (19)

Missing/unknown

2,221

3,829

3

5

0

23

1

N/A

N/A

0

97 (2)

N/A

N/A

2

N/A

N/A

0

599 (15)

N/A

N/A

3

N/A

N/A

665 (100)

2,966 (74)

N/A

N/A

4

N/A

N/A

0

327 (8)

N/A

N/A

5–10

N/A

N/A

0

0

N/A

N/A

Major city

N/A

N/A

0

0

N/A

N/A

Inner regional

N/A

N/A

0

0

N/A

N/A

Outer regional

N/A

N/A

0

43 (1)

N/A

N/A

Remote

N/A

N/A

665 (100)

3,946 (99)

N/A

N/A

Very remote

N/A

N/A

0

0

N/A

N/A

IRSD⁷ decile

Remoteness

Table notes
Data sources: NSW Perinatal Data Collection (1994–2018), NT Perinatal Trends (1986–2017), Qld Perinatal
Data Collection (2007–2018)
1.

Mothers can move between exposure and comparison areas; therefore, totals are not for unique mothers.

2.

Mothers who had two or fewer pregnancy records were coded as Aboriginal and Torres Strait Islander if
the mother identified as Aboriginal and/or Torres Strait Islander at least once. Mothers who had more
than two pregnancies were coded as Aboriginal and Torres Strait Islander if the mother identified as
Aboriginal and/or Torres Strait Islander at least two times.

3.

Mother’s age is top-coded at 35 years in the Queensland Perinatal Data Collection.

Australian National University

13

Study 1: Perinatal outcomes

4.

Marital status is only available from 1994–1997 in the NSW Perinatal Data Collection, and thus was not
used as a covariate due to insufficient data.

5.

BMI is only available from 2014–2017 in the NT Perinatal Data Collection and 2016–2018 in the NSW
Perinatal Data Collection, and thus was not used as a covariate in these states due to insufficient data.

6.

Smoking during pregnancy is only available from 1996 in the NT Perinatal Data Collection.

7.

Index of Relative Socioeconomic Disadvantage (IRSD) based on Statistical Area Level 2 of mother’s usual
address coded according to Australian Bureau of Statistics’ Australian Statistical Geography Standard
(ASGS) 2011 Version for births up to 2016/2017 and ASGS 2016 Version for births from 2017/2018.

8.

Denominators for proportions exclude missing values.

9.

Cells have been suppressed to avoid reporting cell numbers with size ≤5.

10. Percentages were rounded to zero decimal places.

Perinatal outcomes in relation to living in exposure areas
The proportions of the exposed and comparison populations with adverse perinatal outcomes
(risks) and adjusted RRs, as well as mean growth measurements and adjusted difference in means,
are shown in Table 4; a forest plot of adjusted RRs is shown in Figure 3. For information on
interpreting effect estimates, see Box 2.
In NT, the crude (unadjusted) risks of adverse perinatal outcomes ranged from 1% for stillbirths to
31% (exposed) and 34% (comparison) for caesarean or assisted vaginal delivery. Risks were similar
across mothers who had lived in Katherine and those who had lived in its comparison areas for all
adverse perinatal outcomes. After adjusting for sociodemographic characteristics and other
potential confounders, point estimates were not large and all interval estimates were compatible
with no differences in risks between Katherine and its comparison areas. In terms of growth
measurements, there was little to no meaningful difference in birth weight, birth length or head
circumference between term babies (≥37 weeks’ gestation) born to mothers who had lived in
Katherine versus those who had lived in comparison areas.
In Qld, the crude risks of adverse perinatal outcomes ranged from 2% (exposed) and 1%
(comparison) for stillbirths to 40% (exposed) and 36% (comparison) for caesarean or assisted
vaginal delivery. With a few exceptions, the risks of adverse perinatal outcomes were similar across
Oakey and its comparison areas, with point estimates small and interval estimates compatible with
no effect. However, the estimated risk of stillbirth in Oakey was 2.6 times that of its comparison
areas, although there was considerable uncertainty (imprecision) due to the small number of cases
(Model 2 adjusted RR = 2.59, 95% CI 1.25 to 5.39). There was uncertain evidence of increased risk
of low Apgar score (Model 2 adjusted RR = 1.47, 95% CI 0.95 to 2.26), and results were too imprecise
to make any conclusions when restricted to term babies (Model 2 adjusted RR = 1.21, 95% CI 0.69
to 2.10). There was little to no meaningful difference between Oakey and its comparison areas in
any growth measurement.
In NSW, the crude risks of adverse perinatal outcomes ranged from 1% (exposed) and <1%
(comparison) for stillbirths to 38% (exposed) and 33% (comparison) for caesarean or assisted
vaginal delivery. The risk of postpartum haemorrhage in Williamtown was almost twice that of its
comparison areas (Model 2 adjusted RR = 1.94, 95% CI 1.13 to 3.33). Note that postpartum
haemorrhage was only collected in the NSW Perinatal Data Collection from 2016; estimates were
therefore based on a very small sample of 29 births in Williamtown between 2016 and 2018. The
risk of pregnancy-induced hypertension in Williamtown was nearly twice that of comparison areas
(Model 2 adjusted RR = 1.88, 95% CI 1.30 to 2.73). For the remaining adverse outcomes examined,
interval estimates were compatible with no effect. While some point estimates were modest in size
(for example, spontaneous preterm birth and term low Apgar score), interval estimates were too
imprecise to conclude whether rates were likely to be different. This was due to the small sample
size in Williamtown and rarity of these outcomes. We found no evidence of meaningful differences
in growth measurements between Williamtown and its comparison areas.
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Sensitivity analyses
In sensitivity analyses, where we re-examined the risks of caesarean or assisted vaginal births,
large-for-gestational-age, and birth weight in term babies, including an additional adjustment for
gestational diabetes, we observed little impact except for a marginal reduction in the adjusted RR
for large-for-gestational-age in NT from 0.91 (95% CI 0.80 to 1.04) to 0.86 (95% CI 0.74 to 0.99)
(Appendix Table 2). There were no appreciable changes in effect sizes or direction of findings when
we treated year of birth, maternal age, and pre-pregnancy BMI as categorical instead of continuous
covariates (Appendix Table 2).
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Table 4. Comparison of perinatal outcomes in exposed and comparison populations: risks (%) and adjusted relative risks (RR) of adverse perinatal outcomes, and means
and adjusted difference in means of growth measurements
NT
Exposed
% (n)

Comparison
% (n)

Qld
Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Exposed
% (n)

Comparison
% (n)

Adjusted
RR¹
(95% CI)

NSW
Adjusted
RR²
(95% CI)

Exposed
% (n)

Comparison
% (n)

Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Adverse perinatal outcome
Total sample

5,606

11,364

188

7,287

Gestational
diabetes³

7% (215)

7% (505)

1.08
(0.92,1.28)

1.11
8% (53)
(0.94,1.32)

9% (361)

0.95
(0.71,1.27)

0.88
(0.66,1.19)

8% (13)

5% (306)

1.44
1.42
(0.85,2.44) (0.84,2.41)

Pregnancyinduced
hypertension

5% (294)

5% (607)

0.93
(0.80,1.07)

1.10
3% (17)
(0.92,1.32)

2% (99)

1.03
(0.62,1.72)

0.94
(0.56,1.59)

16% (30)

7% (527)

2.00
(1.36,2.93)

1.88
(1.30,2.73)

Caesarean/
assisted
vaginal

31% (1,711) 34% (3,853) 0.99
(0.95,1.05)

0.97
(0.91,1.03)

40% (263) 36% (1,427) 1.13
(1.01,1.27)

1.12
(1.00,1.25)

38% (71)

33% (2,423) 1.03
(0.84,1.26)

0.98
(0.81,1.20)

Emergency
caesarean

11% (607)

12% (1,306)

1.00
(0.90,1.10)

1.08
(0.96,1.21)

14% (90)

12% (490)

1.10
1.11
(0.88,1.37) (0.89,1.39)

13% (25)

10% (747)

1.22
(0.83,1.81)

1.12
(0.76,1.65)

Postpartum
haemorrhage⁴

8% (475)

9% (1,075)

0.96
(0.86,1.06)

1.01
(0.90,1.14)

6% (43)

7% (265)

0.96
(0.70,1.32)

34% (10)

19% (174)

1.97
(1.14,3.38)

1.94
(1.13,3.33)

Preterm birth

8% (455)

8% (929)

0.95
(0.85,1.07)

1.06
9% (61)
(0.92,1.22)

8% (314)

1.13
1.04
(0.85,1.49) (0.77,1.41)

8% (15)

5% (399)

1.46
1.47
(0.89,2.39) (0.90,2.40)

Spontaneous
preterm birth

6% (310)

5% (586)

0.99
(0.86,1.14)

1.14
4% (29)
(0.96,1.36)

5% (180)

0.97
0.90
(0.65,1.44) (0.58,1.39)

4% (7)

3% (234)

1.27
1.32
(0.60,2.68) (0.63,2.77)

Small for
gestational
age (SGA)

13% (750) 14% (1,553)

0.87
(0.79,0.94)

0.92
5% (30)
(0.82,1.03)

5% (192)

0.93
1.02
(0.63,1.37) (0.69,1.51)

7% (13)

9% (621)

0.87
(0.48,1.57)

0.86
(0.48,1.53)

Large for
gestational
age (LGA)

8% (453)

0.96
(0.86,1.08)

0.91
6% (39)
(0.80,1.04)

6% (259)

0.93
0.89
(0.66,1.32) (0.63,1.27)

11% (20)

11% (836)

0.89
(0.58,1.37)

0.95
(0.62,1.45)

9% (1,028)

665

3,989

0.89
(0.63,1.26)

(Table continued over)
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NT
Exposed
% (n)

Comparison
% (n)

Qld
Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Exposed
% (n)

Comparison
% (n)

Adjusted
RR¹
(95% CI)

NSW
Adjusted
RR²
(95% CI)

Exposed
% (n)

Comparison
% (n)

Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Stillbirth

1% (45)

1% (89)

0.94
(0.66,1.35)

0.90
2% (11)
(0.54,1.50)

1% (27)

2.43
2.59
(1.20,4.93) (1.25,5.39)

≤5

<1% (34)

1.13
(0.15,8.29)

1.17
(0.16,8.61)

Low Apgar
score at 5 min

3% (164)

3% (327)

0.93
(0.77,1.13)

1.07
4% (29)
(0.83,1.37)

3% (113)

1.50
1.47
(0.99,2.26) (0.95,2.26)

≤5

2% (161)

0.98
0.95
(0.37,2.57) (0.36,2.51)

173

6,885

≤5

2% (103)

Term (≥37 weeks) outcome
Total sample

5,125

10,346

Term low
Apgar score at
5 min

2% (80)

2% (185)

604
0.77
(0.59,1.00)

Exposed
Comparison Adjusted
mean (SD) mean (SD)
mean diff¹
(95% CI)

0.84
2% (14)
(0.59,1.20)

3,674
2% (70)

1.15
1.21
(0.66,2.00) (0.69,2.10)

Adjusted Exposed
Comparison Adjusted Adjusted
mean diff² mean (SD) mean (SD)
mean diff¹ mean diff²
(95% CI)
(95% CI)
(95% CI)

1.57
1.51
(0.58,4.20) (0.56,4.07)

Exposed
Comparison Adjusted
mean (SD) mean (SD)
mean diff¹
(95% CI)

Adjusted
mean diff²
(95% CI)

Growth measure
Total sample

5,125

10,346

604

3,674

173

Term birth
weight (g)

3,423
(488.9)

3,405
(488.9)

31.1
(14.4,47.9)

11.22
3,465
(−8.9,31.3) (448.8)

3,483
(468.9)

−9.6
−11.1
3,519
(−49.7,30.6) (−48.7,26.5) (479.6)

Term birth
length (cm)⁵

50.7
(2.7)

50.3
(2.4)

0.3
(0.1,0.4)

0.2
(0.1,0.4)

51.6
(2.6)

51.4
(2.6)

0.3
(0.1,0.5)

0.3
(0.1,0.5)

Term head
circumference
(cm)⁶

34.7
(1.7)

34.6
(1.5)

0.1
(0.0,0.2)

0.0
(−0.1,0.1)

34.7
(1.6)

34.7
(1.5)

0.0
(−0.1,0.2)

0.0
(−0.1,0.2)

6,885
3,515
(477.4)

21.7
35.7
(−49.0,92.1) (−29.4,100.8)

Data not available

Table notes
The RR is the risk in the exposed group divided by the risk in comparison group. The mean difference is the mean in the exposed group minus the mean in the comparison
group.
1.

RRs/Difference in means from Model 1: adjusted for year of birth, maternal age and mother’s Aboriginal and Torres Strait Islander status (except NSW). Outcomes
restricted to term babies included adjustment for gestational week.

2.

RRs/Difference in means from Model 2: adjusted for year of birth, maternal age, maternal Aboriginal and Torres Strait Islander status (except NSW), parity, marital
status (except NSW), maternal country of birth, maternal BMI (except NT and NSW) and maternal ever smoked during pregnancy. Caesarean/assisted vaginal,
emergency caesarean and postpartum haemorrhage were additionally adjusted for macrosomia. Preterm birth, still birth, low Apgar and growth measures were
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additionally adjusted for sex of baby. Outcomes restricted to term babies included adjustment for gestational week. RRs from Model 2 are represented in a forest
plot in Figure 3.
3.

Gestational diabetes is only available in the NSW Perinatal Data Collection from 1994–2015; the denominators for exposed and comparison are 159 and 6,345
respectively. Gestational diabetes is only available in the NT Perinatal Data Collection from 2000; the denominators for exposed and comparison are 2,943 and 7,229
respectively.

4.

Postpartum haemorrhage is only available in the NSW Perinatal Data Collection from 2016; the denominators for exposed and comparison are 29 and 938
respectively. For this outcome, year was modelled as a categorical rather than continuous covariate.

5.

Birth length is only available in the NT Perinatal Data Collection from 2008; the denominators for exposed and comparison are 1,422 and 3,024 respectively.

6.

Head circumference is only available in the NT Perinatal Data Collection from 2008; the denominators for exposed and comparison are 1,391 and 2,954 respectively.

7.

The reductions in sample sizes going from Model 1 to Model 2 were:

8.

•

NT: 32% for all outcomes apart from gestational diabetes (6%), birth length (4%) and head circumference (5%)

•

Qld: 2.8 to 3.2% for all outcomes

•

NSW: 0.4 to 0.9% for all outcomes

Denominators for risks exclude missing values. The number of missing as a proportion of total data, n (%):
•

Caesarean/assisted vaginal = NT: 17 (0.1%); NSW: 1 (0.0%)

•

Emergency caesarean = NT: 15 (0.1%); NSW: 6 (0.0%)

•

Postpartum haemorrhage = NSW (available from year 2016 only): 4 (0.0%)

•

Preterm = NT: 115 (0.7%); Qld: 1 (0.0%); NSW: 3 (0.0%)

•

Spontaneous preterm = NT: 115 (0.7%); Qld: 1 (0.0%); NSW: 8 (0.0%)

•

SGA = NT: 121 (0.7%); Qld: 1 (0.0%); NSW: 3 (0.0%)

•

LGA = NT: 121 (0.7%); Qld: 1 (0.0%); NSW: 3 (0.0%)

•

Stillbirth = Qld: 13 (0.1%); NSW: 13 (0.1%)

•

Low Apgar score = NT: 74 (0.4%); Qld: 2 (0.0%); NSW: 50 (0.3%)

•

Term low Apgar score = NT: 46 (0.3%); Qld: 1 (0.0%); NSW: 45 (0.3%)

•

Term birth weight = NT: 2 (0.0%); NSW: 2 (0.0%)

•

Term birth length = NT (available from year 2008 only): 1,006 (18.5%); Qld: 42 (1.0%)

•

Term head circumference = NT (available from year 2008 only): 1,107 (20.3%); Qld: 37 (0.9%)
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Figure 3. Forest plot showing Model 2 adjusted relative risks (RR) for adverse perinatal outcomes

Figure notes
Data sources: NSW Perinatal Data Collection (1994–2018), NT Perinatal Trends (1986–2017), Qld Perinatal
Data Collection (2007–2018)
1.

Forest plot shows point estimates of adjusted RRs (filled squares) from Model 2 and associated 95%
confidence interval (horizontal lines), and solid vertical line of no effect.

2.

Model 2 RRs were adjusted for year of birth, maternal age, maternal Aboriginal and Torres Strait Islander
status (except NSW), parity, marital status (except NSW), maternal country of birth, maternal BMI (except
NT and NSW) and maternal ever smoked during pregnancy. Caesarean/assisted vaginal, emergency
caesarean and postpartum haemorrhage were additionally adjusted for macrosomia. Preterm birth, still
birth, low Apgar and growth measures were additionally adjusted for sex. Outcomes restricted to term
babies included adjustment for gestational week.

3.

See Table 4 for sample sizes, crude risks and adjusted RRs.

4.

Adjusted RRs are on a log scale.

Discussion
Summary of main findings
We estimated that the risk of stillbirth in Oakey, Qld was 2.6-fold that of its comparison areas
during the period 2007–2018, and that there was uncertain evidence for lower Apgar score in
Oakey. In NSW, the risks for postpartum haemorrhage and pregnancy-induced hypertension in
Williamtown were almost two times those in comparison areas over 1994–2018. For the remaining
nine adverse perinatal outcomes examined in Qld, and the remaining 10 in NSW, we could not
conclude that the risks were meaningfully different across the exposed and comparison
populations. For several of these outcomes, in NSW in particular, this was because estimates were
too imprecise to draw any conclusions. In NT, the results suggest no important differences
between Katherine and its comparison areas for any of the adverse outcomes examined between
1987 and 2017. We did not find meaningful differences in growth measurements in babies born to
mothers who had lived in Katherine, Oakey or Williamtown compared to the comparison areas.
The RRs for key findings are presented in Box 3, alongside which we have added the associated
adjusted risks to provide an indication of effects on the absolute scale. It is important to note that
while these estimates take random error (the play of chance) into account (confidence intervals
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are available in Table 4), we cannot assume there was no bias from residual confounding. These
issues are discussed in the section below on study strengths and weaknesses.
Box 3. Summary of key results: adjusted relative and absolute risks for selected perinatal outcomes
Outcome

Adjusted relative risk

Associated absolute risk

Oakey—Stillbirth

Risk 2.59-fold that of comparison
population (159% increase)

Risk increase from 0.6 in 100 to
1.6 in 100 births

Williamtown—Postpartum
haemorrhage

Risk 1.94-fold that of comparison
population (94% increase)

Risk increase from 17 in 100 to
34 in 100 births

Williamtown—Pregnancyinduced hypertension

Risk 1.88-fold that of comparison
population (88% increase)

Risk increase from 8 in 100 to
15 in 100 pregnancies

All other outcomes

No evidence of meaningful difference, uncertain or unable to determine
due to imprecision.

Notes
1.

Adjusted relative and absolute risks were estimated from Model 2. Adjusted relative risks should be
considered alongside their confidence intervals in Table 4.

2.

Absolute risks were estimated assuming population characteristics of the exposed population (rather
than those of the comparison population or average characteristics of the whole study population).

Interpretation of findings in the context of previous evidence
The largest relative effect estimated in our study was the increased risk of stillbirth in Oakey
compared to its comparison areas, although the level of uncertainty suggested that the risk may
have reasonably ranged anywhere from 25% to 440% higher. We are aware of only two previous
studies from the C8 Health Project that have examined stillbirth in relation to PFAS. Neither
study—both of which were conducted among women in the mid-Ohio Valley region who were
highly exposed as a result of drinking water contaminated from a nearby PFOA facility—reported
any association between estimated maternal serum PFAS and stillbirth, based on relatively large
numbers of cases (approximately 100 stillbirths).57,58 Consistent with this prior evidence, we did not
find the risks of stillbirth to be elevated in the two other exposure areas of this study (Katherine
and Williamtown) relative to their respective comparison areas.
Regarding the effects of PFAS exposure on caesarean section or assisted birth, one previous study
reported an association between higher umbilical cord PFAS concentration and increased
likelihood of vaginal delivery relative to caesarean, in principle a beneficial effect.59 We did not find
meaningful effects for this outcome in Katherine, Oakey or Williamtown.
The estimated elevated risks of pregnancy-induced hypertension (including pre-eclampsia, i.e.
hypertension with proteinuria) and postpartum haemorrhage among mothers in Williamtown were
not seen in Katherine nor Oakey in our study. Findings from previous studies are mixed. Among five
studies conducted in highly exposed mothers from the mid-Ohio Valley region,57,58,60-62 two
suggested weak associations between estimated or measured maternal serum PFOA/PFOS and
maternally reported pre-eclampsia,57,60 and one found some evidence of a positive but not
monotonic i association between measured maternal serum PFOA/PFOS and pregnancy-induced
hypertension.61 Using lifetime residential history and environmental/pharmacokinetic models to
estimate PFOA exposure, Savitz and colleagues58 did not report an association with pregnancyinduced hypertension. Pregnancy cohorts in Norway,63 Sweden,64 and Canada65 at background
levels of exposure have largely found no evidence of associations between various PFAS chemicals
measured in blood sera and gestational hypertension or pre-eclampsia.

A monotonic relationship is one where the value of one variable strictly increases (or decreases) as the value
of the other variable increases (or decreases).

i
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Elevated risks of pregnancy-induced hypertension and postpartum haemorrhage among pregnant
mothers in Williamtown were accompanied by moderately elevated point estimates of risks of
preterm birth and gestational diabetes, but with confidence intervals that were compatible with no
effect, hence we consider these results uncertain. Gestational diabetes increases the risk of
pregnancy-induced hypertension,66 and preterm birth rates are higher in mothers with either
diabetes or hypertension (or both).67 Pregnancy-induced hypertension is also a risk factor for
postpartum haemorrhage,68 as is obesity,69 which is also related to gestational diabetes. As such,
it is probable that the increased risks observed in these adverse outcomes are related. There is,
however, no consistent evidence to suggest the increased risks were related to PFAS exposure.
They could be due to confounding by BMI, which we could not control due to insufficient data.
The few adverse outcomes we observed in this study in both mothers and infants, while not
consistent across the exposure areas and to other studies, are hypothetically biologically
plausible. PFAS have been shown to cross the placenta70,71 and are hypothesised to disrupt
placental growth and function, thereby increasing the risk of adverse perinatal outcomes.72
Independently of PFAS exposure, placental dysfunction has been linked to hypertensive disorders
of pregnancy73 and low birth weight.74 However, specific mechanisms for PFAS-induced placental
damage as a driver of these outcomes have not yet been validated in experimental settings.
In terms of growth measurements, meta-analyses support a relationship between higher
PFOA/PFOS serum concentrations and reduced birth weight,32,33,75 although studies among highly
exposed women in the mid-Ohio Valley region, and of female workers of a PFOS production facility,
have not observed this association.58,61,76,77 In another meta-analysis, Steenland and colleagues78
suggest that associations between prenatal serum PFOA and decreased birth weight have been
limited to studies with low background exposure or those with blood sampled later in pregnancy,
where confounding and reverse causality are likely. Our findings for birth length are in the opposite
direction to several general population birth cohort studies that found small decreases in length
with increasing maternal serum PFAS concentrations,79-82 although many studies have also not
found evidence of associations.79,81,83-86 While we found small increases in birth length (≤0.3 cm) in
two exposure areas, we did not find concomitant increases in birth weight and head circumference;
and all three measures are imperfect proxies for optimal fetal growth. We identified two studies
that measured fetal growth by ultrasound, with neither reporting associations with PFAS
exposure.87,88 Either way, small differences in growth measurements within normal limits are likely
to have low biological or clinical relevance and are doubtful as indicators of adverse impacts on
health.38

Strengths and weaknesses
There are strengths and weaknesses of this study that should be kept in mind when interpreting
findings and comparing them with results of other studies. These include considerations relating
to selection of the study population, measurements of exposure and outcomes, and potential
confounding.
Selection of study population
By using State/Territory Perinatal Data Collections to select the study populations, we were able
to capture all mothers who had given birth over the last three decades in the exposure and
comparison areas in Katherine and Williamtown, and over the last decade in Oakey (assuming low
linkage error; see Appendix 1). Moreover, ascertainment of exposure by linkage of routinely
collected datasets avoided selection bias and enhanced the internal validity of the estimates. The
relatively small number of births in Oakey and Williamtown, and therefore few cases of some
outcomes, meant we had low statistical power to make conclusions about these outcomes. There
were larger numbers of exposed mothers and babies in Katherine, and thus more certainty in the
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estimates. It is noteworthy, therefore, that none of the apparent increases in risks of perinatal
outcomes we observed were in the Katherine population.
The NT, Qld and NSW Perinatal Data Collections were established well after the first exposures
(PFAS exposure is possible as early as the 1970s). Therefore, mothers who had lived in exposure
areas only before data collection began in their State j would not have been captured in this study.
Exposure measurement
State/Territory Perinatal Data Collections record no other data on residency except where mothers
were living at the time of giving birth. There are limitations in relying on these data for exposure
classification, which should be kept in mind when interpreting the study results.
First, without longitudinal information on residential history, we may not know whether the mother
was living in an exposure area during the critical periods in pregnancy that may contribute to the
development of adverse outcomes. If the critical window for exposure is during the gestational
period, it is likely that misclassification was minimal, assuming that mothers do not usually move
residences while pregnant. However, if the critical window is earlier in the mother’s life, or
accumulated over her lifetime, there would have been a higher rate of exposure misclassification
and probably substantial under-coverage of the target population.
Secondly, it was not possible to measure duration of residency from address data in the Perinatal
Data Collections. We do not know the correlation between ‘ever resident’ or duration of residency
in an exposure area and cumulative serum levels of PFAS in the Australian context. Savitz and
colleagues57 report a moderate correlation (Spearman rank order correlation coefficient = 0.64)
between estimated exposure based on lifetime residential history and maternal residence
recorded on the baby’s birth certificate in the mid-Ohio Valley region, but this is likely context
specific.
Outcome measurement
Based on validation studies of the NSW Perinatal Data Collection,89,90 we assume these data to
have reasonably high levels of accuracy for reporting of most perinatal outcomes. However,
pregnancy-induced hypertension may have been under-captured. When compared with medical
records, the NSW Perinatal Data Collection identified about 63% of pregnancy-induced
hypertension cases identified through medical chart review.91 This under-ascertainment is likely to
be the same in women in exposure and comparison areas (‘non-differential misclassification’),
meaning that while the risk will be underestimated to the same extent in both groups, the RR
estimates are likely unaffected (not biased).
In addition, postpartum haemorrhage was only added to the NSW Perinatal Data Collection in 2016,
limiting the data available to make inferences about this outcome in Williamtown. Finally, the scope
of the Perinatal Data Collections includes live births and stillbirths of at least 20 weeks’ gestation.
If PFAS exposure is related to earlier outcomes, such as infertility or miscarriages,92 this would not
have been picked up in this study.
Potential confounding
Confounding is an issue in all observational studies, potentially biasing risk estimates and limiting
the ability to draw causal inferences. This is discussed more fully in the final section of the report.
In this study, we were able to adjust for many known confounders due to the richness of the data
collected in the Perinatal Data Collections. Nevertheless, there were insufficient years of data
collected for BMI and marital status in NT and NSW to allow statistical adjustments for these
factors. We also lacked information on other potential confounders such as alcohol consumption,
individual-level socioeconomic status (including maternal education), maternal height, ethnicity,
j

Or collection of residential addresses in the case of the Qld Perinatal Data Collection.
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model of obstetric care (i.e. private obstetrician, general practice shared care, public hospital) and
detailed clinical information to classify high-risk pregnancies.
We expect our findings to have been particularly affected by confounding by factors related to
socioeconomic status (SES). While every effort was made to draw a comparison population for each
exposure area from comparable socioeconomic areas, this was based on area-level measures at
one point in time, which may not have reflected changes over time. In addition, area-level SES
measures are imprecise proxies of individual circumstances. We lacked information on individuallevel SES to assess the comparability between the exposed and comparison populations on this
dimension over the long study period.
We set out to select comparison areas that were also similar to the exposure areas on proportions
of Aboriginal and Torres Strait Islander residents. However, there were smaller proportions of
people of Aboriginal and Torres Strait Islander descent drawn from these areas in the resulting
comparison populations in NT and Qld (Table 6). This was partly driven by limited number of areas
to choose from, particularly in NT.
While in the analyses we also adjusted for the different proportions of Aboriginal and Torres Strait
Islander women in the exposed and comparison populations, there were issues of underidentification in the Perinatal Data Collections over the study period.93 The rates of underidentification were likely to be uneven across states and remoteness subgroups, and over time.
Because of this, the extent and direction of residual confounding and resulting extent and direction
of consequent bias are uncertain. Nonetheless, we expect it would have a bigger impact on results
in NT than in Qld, and little to no effect in NSW given the low proportions of people of Aboriginal
and Torres Strait Islander descent in Williamtown and its chosen comparison areas.

Summary
Overall, we found little support for higher risks of adverse perinatal outcomes in the PFAS
Management Areas than comparison areas. We saw modest but inconsistent evidence of increased
stillbirth, pregnancy-induced hypertension and postpartum haemorrhage. The inconsistencies
observed in both size and direction of effects across the exposure areas, unknown PFAS levels in
maternal blood, the potential for bias, and the lack of robust prior evidence for any associations
observed, argue against PFAS causing these outcomes. Considerations of causality are discussed
more fully in the final section of the report.
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Study 2: Childhood development outcomes
This study included children who had lived in an exposure or comparison area and who
subsequently took part in the Australian Early Development Census (AEDC) during their first year
of full-time schooling. The outcomes were indicators of childhood development as recorded in the
AEDC in any State or Territory where the child was living at the time of the AEDC.

Methods
Data sources and study population
We used data from the Medicare Enrolment File (Box 4) linked to the PFAS Address Database and
comparison area postcodes (Box 1) to select study populations. The study populations were then
linked to the AEDC to determine childhood development outcomes.
Australian Early Childhood Development Census (AEDC)
The AEDC is a nationwide data collection of early childhood development data made at the time
children commence their first year of full-time schooling, generally in the year they turn five years
of age. It is conducted nationally every three years. In each Census year, usually between 1 May
and 31 July, teachers complete the AEDC for each child in their class, across five key areas of early
childhood development referred to as ‘domains’. The AEDC instrument is based on the Canadian
Early Development Instrument (developed by McMaster University in Ottawa, Canada).94
The first AEDC was administered in 2009. Further collections were conducted nationally in 2012,
2015 and 2018. The AEDC datasets have near-complete national coverage of school entrants; more
than 95% of schools with eligible children participated in each collection, with child participation
rates of more than 96%.
On each of the five AEDC domains (see Table 5), each child receives a score from 0 to 10 which is
calculated from teachers’ responses to the relevant domain questions. AEDC results are reported
as the number and proportion of children who are ‘developmentally on track’, ‘developmentally at
risk’ and ‘developmentally vulnerable’ on each domain based on percentile cut-offs established
using 2009 data, accounting for age variations in the population of children in their first year of
schooling. The AEDC also collects sociodemographic information such as age, Aboriginal and
Torres Strait Islander identification and English as a second language, among others.
Selection of study populations
The study populations were selected and classified based on place of residence as described
earlier (see Overview of methods and Figure 2). We included all children in the Medicare Enrolment
File who had lived in Katherine, Oakey or Williamtown, k and a sample of children who had lived in
comparison areas, before taking part in any AEDC collection (2009, 2012, 2015 or 2018). As the
AEDC is usually undertaken between 1 May and 31 July, we included only children who had lived in
a PFAS Management Area or comparison area for at least five months before those dates. Thus,
the study included children who had lived in a PFAS Management Area or comparison area between
July 2002 l and December 2017.

We considered two exposed populations: where children lived in the PFAS Management Areas as defined by
the PFAS Address Database (main analysis), and where children lived in Katherine, Oakey or Williamtown
postcodes (sensitivity analysis).
k

l

The oldest children in the first AEDC census year (2009) were 7 years old.
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We selected a sample of individuals from the comparison areas (Box 1) rather than including
everyone in these areas to meet ethical requirements pertaining to the Medicare Enrolment File.
The comparison populations were frequency-matched at a 4:1 ratio to the exposed populations on
age, sex, Aboriginal and Torres Strait Islander status, and year of first living in an exposure or
comparison area.
Children were excluded from the study if they:
a) were identified as a child with special needs
b) had less than the minimum number of valid responses to questions in all domains of the
instrument
c) had invalid dates—for example where the recorded date of birth occurred after the date
of first registration with Medicare (allowing a 60-day buffer on either side), or where the
disparity between the age recorded on the Medicare Enrolment File fell outside the age
range recorded on the AEDC by >3 months.
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Box 4. Medicare Enrolment File and associated Voluntary Indigenous Identifier database.

Medicare Enrolment File (1983–2019)
Medicare is Australia’s universal health insurance provider, which is open to all Australian and
New Zealand citizens living in Australia and permanent residents of Australia. The Medicare
Enrolment File and associated Voluntary Indigenous Identifier database are held by Services
Australia, which collects and stores personal details, including name, sex, date of birth and
address, for each registered individual.
If an individual changes their address they are required to notify Services Australia by phone,
online or in person. A history of these changes is stored in the Medicare Enrolment File, resulting
in multiple address records for individuals who have moved. A start date is associated with each
address record in the Medicare Enrolment File, which is the date Services Australia was notified
of the change. There may be a delay between the actual change of address and this change
being recorded in the Medicare Enrolment File.
Services Australia collects residential and mailing addresses for the Medicare Enrolment File.
However, it is not mandatory for individuals to provide residential addresses. Consequently,
only mailing addresses were provided to the Australian Institute of Health and Welfare (AIHW)
for data linkage for this research. While mailing and residential addresses are likely to be the
same for most of the population, a proportion of addresses on the data are non-residential,
including post office box addresses. Multiple members of a family may be associated with a
single Medicare registration, and the mailing address for all members is the address nominated
by the card contact.
Voluntary Indigenous Identifier (VII) database (2002–2019)
The VII is a database of individuals with a Medicare record who elected to have their Aboriginal
and Torres Strait Islander status recorded. Aboriginal and Torres Strait Islander people enrolled
with Medicare have been able to have their status recorded confidentially on this database
since 2002. By October 2019, about 599,000 people were enrolled on the VII database. This
represents 75.5% of the estimated total population of Aboriginal and Torres Strait Islander
people in Australia.2
Enrolment in VII database may occur through checking a box on the Medicare enrolment form,
telephoning Medicare to provide this information, or completing and mailing a form located on
the Services Australia website. Identification via the initial Medicare enrolment form is the most
common way that individuals enrol on the VII database, which has led to higher rates of
enrolment among infants and children.
The level of VII enrolment varies across age group, sex, remoteness and State/Territory
subgroups, and over time. While the overall number of individuals with a VII record is increasing,
individuals can also choose to have their identification information removed at any time. Other
datasets record Aboriginal and Torres Strait Islander identification, such as the Perinatal Data
Collections, Australian Early Development Census and Australian Cancer Database, but this
information may not align with the VII database.

Study variables
Outcomes
We examined six outcomes: one for each of the five AEDC development domains (see Table 5), and
a summary measure. For each outcome, we classified children as either developmentally
vulnerable or not. A child was classified as ‘vulnerable’ on a particular domain of the AEDC if they
scored below the 10th percentile, determined using the cut-off established in 2009 based on all
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children who participated nationally.95 Children were classified as developmentally vulnerable on
the summary measure if they scored below the 10th percentile on any of the five domains.
Table 5. Descriptors of vulnerable category for the five AEDC childhood development domains
Domain

Descriptor of vulnerable category96

Physical health and
wellbeing

Experience a number of challenges that interfere with their ability to physically cope
with the school day. This may include being dressed inappropriately, frequently late,
hungry or tired. Children are usually clumsy and may have fading energy levels.

Social competence

Experience a number of challenges with poor overall social skills. For example,
children who do not get along with other children on a regular basis, do not accept
responsibility for their own actions and have difficulties following rules and class
routines. Children may be disrespectful of adults, children, and others’ property,
have low self-confidence and self-control, do not adjust well to change; and are
usually unable to work independently.

Emotional maturity

Experience a number of challenges related to emotional regulation. For example,
problems managing aggressive behaviour, being prone to disobedience and/or are
easily distracted, inattentive, and impulsive. Children will usually not help others and
are sometimes upset when left by their caregiver.

Language and
cognitive skills
(school-based)

Experience a number of challenges in reading/writing and with numbers; unable to
read and write simple words, will be uninterested in trying, and often unable to
attach sounds to letters. Children will have difficulty remembering things, counting
to 20, and recognising and comparing numbers; and usually not interested in
numbers.

Communication skills
and general
knowledge

Children will have poor communication skills and articulation; have limited command
of English (or the language of instruction), have difficulties talking to others,
understanding, and being understood; and have poor general knowledge.

Developmentally
vulnerable on one or
more domains

Scoring below 10th percentile in any of the above domains

Tables notes
A child who scores below the 10th percentile in a particular domain, determined using the cut-off established
in 2009 based on all children who participated nationally, is classified as ‘vulnerable’ on that domain.95

Exposure and other variables
The exposure variable in our analyses was residence in a PFAS Management Area (yes/no), as
defined earlier. All other variables used to adjust for potential confounding were based on
information recorded in the AEDC. We coded Aboriginal and Torres Strait Islander status according
to the AEDC rather than the VII database due to the higher rate of under-identification in the VII
database. All demographic data in the AEDC, including Aboriginal and Torres Strait Islander status,
were collected in the standard school enrolment process.

Statistical analysis
Main analysis
For each childhood development domain, we calculated the proportions of children who were
developmentally vulnerable (risks) in the exposed and comparison populations. To estimate risk in
the exposed children relative to the comparison children, we generated relative risks (RR) and 95%
CIs using the modified Poisson approach with robust estimation of error variance.56
To take potential confounding into account in our RR estimates, we specified two models for each
outcome. Model 1 was a minimally adjusted model, with adjustments for sex, Aboriginal and Torres
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Strait Islander status and AEDC collection year. In Model 2 we additionally adjusted for the
following variables: English as a second language; socioeconomic disadvantage as measured by
the ABS Index of Relative Socioeconomic Disadvantage (IRSD) quintile based on Statistical Area
Level 1 (SA1) m; and geographical remoteness as measured by the ARIA+ categories (Very Remote,
Remote, Outer Regional, Inner Regional and Major Cities). We did not adjust for age as the
nationally derived percentiles for domain scores had already been age-adjusted. All covariates
were modelled as categorical variables.
Sensitivity analysis
We conducted the following sensitivity analyses:
a) The exposed populations were limited to children who had lived in the exposure areas of
Katherine, Oakey or Williamtown continuously since birth—that is, children who were
recorded on Medicare as living in these areas within 60 days of the date of birth, with no
record of moving out of the area up to at least 1 January of the AEDC year in which the child
was measured.
b) The exposed population was broadened to include children who had lived in Katherine,
Oakey or Williamtown based on postcodes, rather than based on the PFAS Address
Database. The relevant postcodes were: 2314, 2318, 4401, 0850, 0851, 0852 and 0853.

Results
Description of the study population
We identified two samples in this study: the main analysis sample comprised children who had lived
at an address in the PFAS Address Database or a comparison area postcode, and a larger
sensitivity analysis sample based on a broader definition of exposure, which included children who
had lived in Katherine, Oakey and Williamtown postcodes.
Between July 2002 and December 2017, a total of 7,757 children were identified in the Medicare
Enrolment File as having lived in Katherine, Oakey or Williamtown postcodes (n = 2,524) or
comparison areas (n = 5,233) at least five months prior to taking part in any AEDC collection year
(2009, 2012, 2015 or 2018). After excluding 1,237 children with invalid dates (see (c) in Selection of
study populations) or who were identified with special needs or did not have a minimum number of
valid responses for instrument questions on all domains, we included 85% (6,561/7,757) of children
in the sensitivity analysis sample, of whom 2,122 (32%) were from the exposure postcodes.
Our main analysis sample comprised 5,531 children, of whom 1,053 (19%) had lived at an address
in the PFAS Address Database and 4,478 (81%) had lived in comparison areas. The largest number
of exposed children was in NT (579 (24%) exposed, 1,850 (76%) comparison), followed by Qld (377
(15%) exposed, 2,215 (85%) comparison) and NSW (97 (19%) exposed, 413 (81%) comparison).
Sample sizes and sociodemographic characteristics by State/Territory and exposure status can be
seen in Table 6.
A flow diagram of sample selection is in Figure 4.

IRSD quintile was based on the SA1 of the child’s usual residence coded according to ASGS 2016 for all
cycles.
m
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Figure 4. Sample selection of study population for analysis of childhood development outcomes
All children who lived in Katherine, Oakey and
Williamtown postcodes, and a sample of children who
lived in comparison areas, prior to AEDC†

7,757
children:

2,524 (33%) exposed
5,233 (67%) comparison

674 children Excluded: those with invalid dates*

413 children Excluded: those with special needs*

150 children

Sensitivity analysis:
Exposed children selected

6,561

2,112 (32%)

Excluded: those who did not have a
minimum number of valid responses*

exposed

children: 4,449 (68%) comparison

based on postcodes
1,030 children

Excluded: those who lived in
Katherine, Oakey and Williamtown
postcodes but not in PFAS Address

Main analysis:
Exposed children selected

5,531

1,053 (19%)

children: 4,478 (81%)

exposed

Database

comparison

based on PFAS Address
Database‡

† All children in the Medicare Enrolment File with a recorded address in Katherine, Oakey or Williamtown postcodes, and a
sample of children from comparison area postcodes (see Box 1), between July 2002-December 2017, at least five months prior
to participating in any AEDC cycle (2009, 2012, 2015, 2018).
‡ See Box 1.
* Exclusions not mutually exclusive
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Table 6. Sociodemographic characteristics of study populations for analysis of childhood development
outcomes
NT
Characteristic

Exposed
n (%)

Comparison
n (%)

Total sample

579

1,850

Qld
Exposed
n (%)

Comparison
n (%)

NSW
Exposed
n (%)

Comparison
n (%)

377

2,215

97

413

Sex
Female

287 (50) 920 (50)

194 (51)

1,117 (50)

50 (52)

203 (49)

Male

292 (50)

930 (50)

183 (49)

1,098 (50)

47 (48)

210 (51)

Cycle 1 (2009,2010)

110 (19)

281 (15)

60 (16)

372 (17)

12 (12)

59 (14)

Cycle 2 (2012)

168 (29)

543 (29)

105 (28)

596 (27)

16 (16)

90 (22)

Cycle 3 (2015)

143 (25)

517 (28)

95 (25)

642 (29)

37 (38)

136 (33)

Cycle 4 (2018)

158 (27)

509 (28)

117 (31)

605 (27)

32 (33)

128 (31)

AEDC cycle

Age first registration
with Medicare¹
0–0.5

545 (95) 1,692 (91)

354 (94)

2,133 (96)

94 (97)

394 (95)

0.5–1

16 (3)

60 (3)

12 (3)

42 (2)

0

13 (3)

1+

18 (3)

98 (5)

11 (3)

40 (2)

0

6 (1)

†
†

Age first lived in
PFAS Management
Area or comparison
area¹
0–1

377 (65) 1,165 (63)

243 (64)

1,389 (63)

66 (68)

267 (65)

1–2

50 (9)

203 (11)

40 (11)

204 (9)

12 (12)

38 (9)

2–3

50 (9)

178 (10)

33 (9)

213 (10)

8 (8)

33 (8)

3+

102 (18)

304 (16)

61 (16)

409 (18)

11 (11)

75 (18)

3–5

70 (12)

292 (16)

47 (12)

306 (14)

6 (6)

24 (6)

5–5.5

272 (47)

876 (47)

187 (50)

1,034 (47)

35 (36)

147 (36)

5.5–6

204 (35) 616 (33)

143 (38)

822 (37)

48 (49)

173 (42)

6+

33 (6)

0

53 (2)

8 (8)

69 (17)

Age at AEDC
measurement

66 (4)

†

Indigenous status
No

328 (57) 1,404 (76)

283 (75)

1,968 (89)

90 (93)

366 (89)

Yes

251 (43)

94 (25)

247 (11)

7 (7)

47 (11)

446 (24)

English as second
language
No

423 (73) 1,520 (82)

363 (96)

2,158 (97)

97 (100)

404 (98)

Yes

156 (27)

14 (4)

57 (3)

0

9 (2)

330 (18)

†

(Table continued over)
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NT
Characteristic

Exposed
n (%)

Comparison
n (%)

Very remote

72 (12)

209 (11)

Remote

Qld
Exposed
n (%)

Comparison
n (%)

NSW
Exposed
n (%)

Comparison
n (%)

Remoteness
≤5

15 (1)

0

≤5

268 (46) 175 (9)

≤5

26 (1)

12 (12)

≤5

Outer regional

97 (17)

1,027 (56)

31 (8)

258 (12)

10 (10)

60 (15)

Inner regional

45 (8)

168 (9)

292 (77)

1,524 (69)

37 (38)

288 (70)

Major cities

97 (17)

271 (15)

45 (12)

392 (18)

38 (39)

61 (15)

1 (most disadvantage) 182 (32)

354 (19)

178 (47)

1,005 (45)

15 (15)

88 (21)

2

133 (23)

316 (17)

110 (29)

597 (27)

30 (31)

111 (27)

3

108 (19)

377 (21)

34 (9)

322 (15)

25 (26)

96 (23)

4

86 (15)

483 (26)

48 (13)

221 (10)

17 (18)

87 (21)

5

64 (11)

299 (16)

7 (2)

67 (3)

10 (10)

31 (8)

Missing

6

21

0

3

0

0

IRSD² quintile

Table notes
Data sources: Medicare Enrolment File (July 2002–December 2017) linked to Australian Early Development
Census (AEDC) (2009, 2012, 2015, 2018).
1.

Age first registration with Medicare and age first lived in a PFAS Management Area (PMA) or comparison
area was estimated from month and year of birth as recorded on the Medicare Enrolment File, with day
of birth assumed to be the 15th of the month.

2.

All characteristics except age first lived in a PMA or comparison area were sourced from the AEDC
database. Geographic variables (Australian Bureau of Statistics’ Index of Relative Socioeconomic
Disadvantage (IRSD) quintile and remoteness) were based on where the child was living at the time of the
AEDC, not at the time of living in PMAs. IRSD decile was based on the Statistical Area Level 1 of the child’s
usual residence coded according to Australian Bureau of Statistics’ Australian Statistical Geography
Standard (ASGS) 2016 Version for all cycles.

3.

There is no socioeconomic or remoteness information on the Medicare Enrolment File.

4.

The discrepancies between variables with similar concepts on the Medicare Enrolment File and AEDC are
as below:
•

5.0% (278/5531) records differed in voluntary Aboriginal and Torres Strait Islander identification on
the Medicare Enrolment File vs. Aboriginal and Torres Strait Islander identification on the AEDC.

•

0.7% (41/5531) records differed in sex on the Medicare Enrolment File vs. sex on the AEDC.

5.

Denominators for proportions exclude missing values.

6.

Cells have been suppressed or categories collapsed (†) to avoid reporting cell numbers with size ≤5.

7.

Percentages were rounded to zero decimal places.

Childhood development outcomes in relation to living in exposure areas
The proportions of children in the exposed and comparison populations who were developmentally
vulnerable in each domain (risks), and adjusted RRs are shown in Table 7; a forest plot of adjusted
RRs is shown in Figure 5. For information on interpreting effect estimates, see Box 2.
In NT, the proportions of children who were developmentally vulnerable (crude risks) in the specific
domains ranged from 12% to 20% among children in Katherine and 12% to 15% in its comparison
areas. Notably, these crude risks were higher than 10%, the percentage that would be expected
based on national percentile cut-offs, all else being equal. After adjusting for sociodemographic
characteristics, we estimated a 26% lower risk of developmental vulnerability in the domain of
communication skills and general knowledge among children in Katherine (Model 2 adjusted RR =
0.74, 95% CI 0.57 to 0.97). While the RR was also below 1 for the language and cognitive skills
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domain, the evidence pointing to a lower risk was uncertain (Model 2 adjusted RR = 0.83, 95% CI
0.68 to 1.01). In the remaining three domains—physical health and wellbeing, social competence
and emotional maturity—interval estimates suggested minimal or no differences in risks between
children who had lived in Katherine compared to children who had lived in its comparison areas.
Overall, there was a 14% lower risk of developmental vulnerability on one or more domains
associated with childhood residence in Katherine (Model 2 adjusted RR = 0.86, 95% CI 0.75 to 0.98).
Note that findings with respect to number of domains are not necessarily independent of findings
with respect to any unique domain.
In Qld, the proportions of children who were developmentally vulnerable in the specific domains
were also higher than the national average of 10%, ranging from 16% to 23% in Oakey and 13% to
17% in its comparison areas. After adjusting for sociodemographic factors, we estimated increased
risks of developmental vulnerability in two domains in children who ever resided in Oakey
compared to children in its comparison areas: there was a 31% higher risk of developmental
vulnerability in physical health and wellbeing (Model 2 adjusted RR = 1.31, 95% CI 1.06 to 1.61), and
a 49% higher risk of developmental vulnerability in communication skills and general knowledge
(Model 2 adjusted RR = 1.49, 95% CI 1.18 to 1.87). While the RR was also above 1 for the language
and cognitive skills domain, the evidence pointing to a higher risk was uncertain (Model 2 adjusted
RR = 1.24, 95% CI 0.98 to 1.57). In the remaining two domains—social competence and emotional
maturity—interval estimates were compatible with no effect. Overall, there was a 22% elevation
in the risk of developmental vulnerability on one or more domains associated with residence in
Oakey during childhood compared to residence in its comparison areas (Model 2 adjusted RR = 1.22,
95% CI 1.06 to 1.39).
In NSW, in contrast to the other two states, the proportions of children who were developmentally
vulnerable in specific domains were at or below the national average, ranging from <4% to 10% in
Williamtown and 5% to 11% in its comparison areas. After adjusting for sociodemographic factors,
interval estimates were too imprecise to make any conclusions about the size or direction of
effects in all domains. We note the elevation in risk of developmental vulnerability in the domain of
language and cognition in Model 1 (minimally adjusted model) but did not have enough have cases
in Model 2 to make a conclusion.

Sensitivity analyses
In the first sensitivity analysis, we limited the exposed populations in the PFAS Management Areas
of Katherine and Oakey to children who had lived in these areas continuously since birth. This had
the effect of increasing the uncertainty of all estimates (widening of confidence intervals) due to
reductions in sample sizes (Appendix Table 3). This analysis was not performed for NSW due to
limited sample size.
In the second sensitivity analysis, we broadened the definition of exposure to include all children
who had lived in Katherine, Oakey or Williamtown postcodes, instead of just those at addresses
captured in the PFAS Address Database. In this analysis, there was little material impact on effect
sizes and direction of findings (Appendix Table 4).
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Table 7. Comparison of childhood development outcomes in exposed and comparison populations: risks (%) and adjusted relative risks (RR)
NT
Exposed Comparison
% (n)
% (n)
Total sample

579

Adjusted
RR¹
(95% CI)

Qld
Adjusted
RR²
(95% CI)

1,850

Exposed
% (n)

Comparison
% (n)

377

2,215

NSW
Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Exposed Comparison
% (n)
% (n)
97

413

Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Vulnerable in:
Physical health
and wellbeing

19% (109) 15% (283)

1.00
0.94
(0.82,1.22) (0.75,1.18)

23% (87)

17% (377)

1.28
1.31
(1.04,1.58) (1.06,1.61)

6% (6)

9% (38)

0.73
0.66
(0.32,1.65) (0.27,1.64)

Social
competence

18% (103) 14% (263)

1.05
0.99
(0.85,1.29) (0.78,1.24)

18% (67)

15% (343)

1.10
1.14
9% (9)
(0.86,1.40) (0.89,1.45)

11% (47)

0.87
0.69
(0.45,1.70) (0.34,1.43)

Emotional
maturity

15% (88)

14% (248)

0.96
(0.77,1.19)

0.91
(0.71,1.17)

16% (61)

14% (307)

1.10
1.13
10% (10) 8% (33)
(0.85,1.42) (0.88,1.46)

1.31
1.12
(0.68,2.54) (0.52,2.41)

Language and
cognitive skills
(school-based)

20% (114) 15% (281)

0.92
(0.76,1.10)

0.83
(0.68,1.01)

19% (73)

14% (313)

1.24
1.24
9% (9)
(0.99,1.57) (0.98,1.57)

5% (21)

2.25
(1.11,4.57)

1.95
(0.82,4.64)

0.77
0.74
(0.61,0.99) (0.57,0.97)

21% (78)

13% (293)

1.40
(1.12,1.76)

7% (30)

0.79
(0.31,1.98)

0.60
(0.22,1.67)

0.93
0.86
(0.82,1.05) (0.75,0.98)

40% (152) 32% (717)

1.30
(0.91,1.87)

1.17
(0.79,1.75)

Communication
12% (72)
skills and general
knowledge

12% (222)

Developmentally 36% (210) 32% (596)
vulnerable on one
or more domains

1.49
(1.18,1.87)

≤5

1.19
1.22
27% (26) 22% (92)
(1.04,1.36) (1.06,1.39)

Table notes
The RR is the risk in the exposed group divided the risk in comparison group.
1.
RRs from Model 1: adjusted for sex, Aboriginal and Torres Strait Islander status and Australian Early Development Census (AEDC) year.
2. RRs from Model 2: adjusted for sex, Aboriginal and Torres Strait Islander status, AEDC year, English as second language (except Qld and NSW), Australian Bureau of Statistics’
Index of Relative Socioeconomic Disadvantage (IRSD) quintile, and remoteness. In NSW, the two lowest remoteness categories, and the two highest IRSD quintiles were
combined to avoid sparse categories. RRs from Model 2 are represented in a forest plot in Figure 5.
3. Denominators for risks exclude missing values. The number of missing as a proportion of total data, n (%):
•
Physical health and wellbeing = NT: 3 (0.1%), Qld: 1 (0.0%)
•
Social competence = NT: 7 (0.3%)
•
Emotional maturity = NT: 18 (0.7%), Qld: 6 (0.2%), NSW: 2 (0.4%)
•
Language and cognitive skills = NT: 8 (0.3%), Qld: 1 (0.0%)
•
Communication skills and general knowledge = Qld: 3 (0.1%)
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Figure 5. Forest plot showing Model 2 adjusted relative risks (RR) for childhood development outcomes

Figure notes
Data sources: Medicare Enrolment File (July 2002–December 2017) linked to Australian Early Development
Census (2009, 2012, 2015, 2018). A child is classified as ‘developmentally vulnerable’ on a particular domain if
they scored below the 10th percentile, determined using the cut-off established in 2009 based on all children
who participated nationally.
1.

Forest plot shows point estimates of adjusted RRs (filled squares) from Model 2 and associated 95%
confidence interval (horizontal lines), and solid vertical line of no effect.

2.

Model 2 RRs were adjusted for sex, Aboriginal and Torres Strait Islander status, AEDC year, English as
second language (except Qld and NSW), Index of Relative Socioeconomic Disadvantage (IRSD) quintile,
and remoteness.

3.

See Table 7 for sample sizes, crude risks and adjusted RRs.

4.

Adjusted RRs are on a log scale.

Discussion
Summary of main findings
In both the exposure and comparison areas in NT and Qld, the proportions of children assessed as
developmentally vulnerable were higher than the national average in all domains. We estimated a
26% lower risk of developmental vulnerability in communication skills and general knowledge in
children who had lived in Katherine, NT, compared to children who had lived in its comparison areas.
Conversely, we estimated a 49% higher risk of developmental vulnerability in the same domain,
and a 31% higher risk of developmental vulnerability in physical health and wellbeing among
children in Oakey, Qld, compared with children in its comparison areas. We could not conclude that
the risks were different across the exposed and comparison populations for any of the remaining
domains in NT and Qld. In Williamtown (and its comparison areas), the proportions of children who
were developmentally vulnerable in specific domains were at or below the national average, and
RR estimates were essentially too imprecise to conclude whether risks were different.
The RRs for key findings are presented in Box 5, alongside which we have added the associated
adjusted risks to provide an indication of effects on the absolute scale. It is important to note that
while these estimates take random error (the play of chance) into account (confidence intervals
are available in Table 7), we cannot assume there was no bias from residual confounding. These
issues are discussed in the section below on study strengths and weaknesses.
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Box 5. Summary of key results: adjusted relative and absolute risks for selected childhood development
outcomes
Outcome

Adjusted relative risk

Associated absolute risk

Katherine—Developmental
vulnerability in communication
skills and general knowledge

Risk 0.74-fold that of comparison
population (26% decrease)

Risk decrease from 16 in 100
to 12 in 100 children

Oakey— Developmental
vulnerability in physical health
and wellbeing

Risk 1.31-fold that of comparison
population (31% increase)

Risk increase from 18 in 100
to 23 in 100 children

Oakey— Developmental
vulnerability in communication
skills and general knowledge

Risk 1.49-fold that of comparison
population (49% increase)

Risk increase from 14 in 100
to 20 in 100 children

All other outcomes

No evidence of meaningful difference, uncertain or unable to
determine due to imprecision.

Notes
1.

Adjusted relative and absolute risks were estimated from Model 2. Adjusted relative risks should be
considered alongside their confidence intervals in Table 7.

2.

Absolute risks were estimated assuming population characteristics of the exposed population (rather
than those of the comparison population or average characteristics of the whole study population).

Interpretation of findings in the context of previous evidence
The discrepant findings that we observed for developmental vulnerability in communication skills
and general knowledge—an increased risk in Oakey, but a lowered risk in Katherine—make
interpretation difficult and reflects the variability in results seen in the current epidemiologic
literature. We are unaware of any study that has used a similar instrument to measure the
relationship between PFAS and communication skills or general knowledge in early school-age
children. One British birth cohort study in girls examined the relationship between prenatal
exposure to various PFAS and communication at two time points during very early childhood. This
study found both positive and negative associations between measured maternal serum PFAS and
scores in language, intelligibility and communication. The patterns were not consistent across the
girls’ ages at time of measurement (15 months and 38 months), or across types of PFAS.97
Previous birth cohort studies that have examined measures of cognition in their relationship to
PFAS in the general population have reported largely mixed findings across PFAS type, timings of
exposure and outcomes, and endpoints used. This is partly driven by the different methods that
have been used in previous studies, making direct comparisons difficult. In a US birth cohort, higher
prenatal serum concentration of PFOS was associated with poorer executive function in girls but
not boys, with no associations reported for PFOA.98 In the same cohort, Vuong and colleagues99
later reported that higher blood levels of PFOA measured at eight years of age may be related to
poorer executive function, but no associations were seen for PFOS or PFHxS. In a third study, no
adverse relationships were noted between prenatal or childhood serum levels of some PFAS and
cognitive function at eight years old, while those with higher levels of PFOA and PFNA had better
outcomes on some measures including working memory, Intelligence Quotient (IQ) and perceptual
reasoning.100 In a different US birth cohort, children with higher measured serum PFOA, PFOS and
PFNA levels, but not PFHxS, had higher reading scores at five and eight years of age.101 In terms of
IQ scores, a Swedish cohort study found that maternal blood concentration of PFHxS was
associated with lower IQ scores at seven years102; however, there was no evidence supporting
associations in Taiwan or Denmark between maternal PFAS levels and IQ scores at five or eight
years.103,104
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Among highly exposed children in the mid-Ohio Valley communities that experienced drinking
water contamination from a nearby DuPont plant (C8 Health Project), those with higher estimated
in utero PFOA levels were found to have higher IQ scores.105 However, there was no support for
associations to reading and mathematical skills.105 Among the same population, another study
suggested a relationship between PFOA and better executive function in boys but poorer function
in girls.106
As far as we are aware, there is no robust evidence for an association between PFAS exposure and
physical vulnerability. In two birth cohort studies among children in Greenland, Ukraine, Poland and
Denmark, maternal serum PFOS and PFOA levels were not related to motor coordination
difficulties at 5–9 years of age.107,108 In a Danish cohort, no relationships were seen between levels
of various PFAS types measured in children and physical activity at nine years.109 A Chinese birth
cohort study found that boys with higher maternal PFOA serum concentrations had a decreased
risk of developmental problems in gross motor skills at four years of age, but no associations were
observed to seven other PFAS chemicals measured.110
In other aspects of childhood social and behavioural development that are related to the measures
used in this study, reported findings have again been largely mixed. In birth cohort studies that
measured behaviour using the Strengths and Difficulties Questionnaire (SDQ), small to moderate
associations have been observed between measured PFAS concentrations in maternal, infant or
child sera and problem behaviour or pro-social difficulties at 5–9 years, however, effects were
rarely consistent across PFAS chemical, timing of exposure or SDQ sub-scale measures.107,108,111-113
Among children from the mid-Ohio Valley region who were highly exposed, no relationships were
found between measured serum PFOA in children and mother/teacher reports of behavioural
problems and emotional disturbances, although there may be gender differences in effects.106 In
another study in the same community, there were no associations—or even, inverse associations
(decreased risk)—observed between PFAS levels in child sera and learning problems in children
5–18 years.114
The differences in instruments used, study population demographics, exposure levels and timing
of measurement, PFAS type, single versus multi-compound analyses and random error may explain
the diverging results across studies examining childhood development milestones. Studies on
laboratory rodents have shown that prenatal and/or postnatal exposure to PFOA and PFOS can
increase or decrease motor activity but does not appear to affect learning or memory; the
mechanisms for such effects remain uncertain.38

Strengths and weaknesses
There are strengths and weaknesses of this study that should be kept in mind when interpreting
findings and comparing them with results of other studies. These include considerations relating
to selection of the study population, measurements of exposure and outcomes, and potential
confounding.
Selection of study population
The AEDC began in 2009 and takes place every three years. Therefore, only children who were
exposed after 2002 and who entered full-time schooling in an AEDC collection year were eligible
to participate in the study. Thus, we cannot draw general conclusions from the study results
regarding children who resided in the exposure areas prior to 2002. From this time, we probably
captured a large proportion of the eligible study population by using the Medicare Enrolment File,
as most children appear to have enrolled by the time they were one year old (Table 6). However,
because children can start school at varying ages, and the AEDC is not collected every year, it was
not possible to determine the proportion of children whose developmental outcomes were not
measured, or were lost to follow up. For the same reason, we were not able to determine whether
exposure is related to not attending school at all, or starting school at a later age, as children who
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had lived in exposure or comparison areas but were not captured on the AEDC may have started
school in a non-census year.
We did not include children with non-residential mailing addresses, such as post office boxes, in
the main analyses—post office boxes were not captured in the PFAS Address Database. While we
do not know how many children this applied to, in the sensitivity analysis where we included
everyone in exposure areas based on postcodes including post office boxes, there was little
material impact on effect sizes and direction of findings. Further, our study would have missed
children who moved into an area without notifying Medicare of the change, but this is also unlikely
to have affected RR estimates. n Another potential source of selection bias is linkage error, but we
assume this error is small (see Appendix 1).
Exposure measurement
We relied on address data in the Medicare Enrolment File for exposure classification. While this is
an objective method of attributing exposure, misclassification may occur if address details are
incorrect. In particular, if a child lived in a comparison area and moved to an exposure area and this
move was not registered, exposure would be misclassified; we assume such error was uncommon.
Another limitation of our exposure measurement is we could only measure the fact of exposure,
not duration. Although duration of exposure was of interest, there is insufficient evidence for a
minimal duration of exposure that is potentially harmful in children, and the Medicare Enrolment
File is not a reliable source of duration of residency. We attempted to examine the possible effect
of duration in a sensitivity analysis by restricting the exposed population to children registered as
living in an exposure area since birth, but this led to greater uncertainty in our estimates due to
smaller sample sizes.
Outcome measurement
Linking to national AEDC data allowed complete ascertainment of outcomes among study
participants who were linked, including outcomes in children who had moved away from the
exposure or comparison areas. However, the accuracy of classifying outcomes using these data is
potentially affected by the reality that, while the AEDC instrument has been validated within
Australia and internationally, including through an extensive evaluation for Australian Aboriginal
children,115 all outcomes were teacher-reported and therefore subject to measurement error. Any
measurement error from this is likely to have had a non-differential impact on estimates.
Moreover, teacher-level assessments are associated with a level of teacher/class level variation.
As the school year progresses, there is some influence by the school/class/teacher on the children
such that children tend to become similar in skills and capabilities.116 This may have increased
measurement error, especially in small communities where only a few teachers completed the data
collection for that area. We estimated only two schools would have been eligible for AEDC
participation in our catchment area for Oakey, and five to seven in Katherine and Williamtown.117
Potential confounding
Confounding is an issue in all observational studies, potentially biasing risk estimates and limiting
the ability to draw causal inferences. This is discussed more fully in the last section of the report.
There was a significant risk of confounding in this study, due to factors apart from exposure that
may have led to differences (or lack of) in risks of childhood vulnerabilities. For example, we did not
have information on other potentially important confounding variables including medical history,
childcare experience, maternal education, household income and community characteristics such
as access to social support, health services and recreational facilities.

This under-capture of the eligible population could bias estimates in the unlikely scenario that a large
proportion of individuals who were living in exposed areas did not register their address on Medicare, and they
moved due to concerns regarding their health.
n
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We expect our findings to have been particularly affected by confounding by SES-related factors.
While every effort was made to draw a comparison population for each exposure area from
comparable socioeconomic areas, this was based on area-level measures at one point in time.
However, at the time of their AEDC participation, area-level characteristics of the child’s residence
(for example, remoteness) appear to be highly discrepant across the exposure and comparison
areas (Table 6). Even though we adjusted for SES at the time of AEDC participation, this
discrepancy reflects high mobility in these populations and presented challenges in assigning
socioeconomic position longitudinally, which we did not attempt to do. Additionally, area-level SES
measures do not represent individual circumstances, such as maternal education.

Summary
Comparing children from the three PFAS Management Areas with those from comparison areas,
we estimated higher risks in two of the five domains of development assessed on the AEDC in
Oakey and a lower risk in one domain in Katherine. The relatively high absolute risks of
developmental vulnerability in all domains in both the exposure and comparison areas in NT and
Qld are notable, probably reflecting influences of socioeconomic factors on early development.
Selection and measurement errors are likely to have had relatively small effects on RR estimates;
but it is possible that observed differences could be due to inadequately controlled socioeconomic
and other confounding factors. Along with limited prior evidence, the overall evidence for a causal
association between living in an exposure area and childhood development is weak and
inconsistent. Considerations of causality are discussed more fully in the final section of the report.
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Study 3: Cancer and cause-specific mortality
outcomes
This study included people who had lived in an exposure or comparison area at any time during the
period 1983–2019. The outcomes were cancer diagnoses and death from specific causes as
recorded, respectively, in the Australian Cancer Database (ACD) and National Death Index (NDI) in
any Australian State or Territory where the individual was living at the time.

Methods
Data sources and study population
In this study, we used data from the Medicare Enrolment File (Box 4), linked to the PFAS Address
Database and comparison area postcodes (Box 1) to select the study populations. The study
populations were then linked to the ACD and NDI to determine cancer and mortality outcomes.
Australian Cancer Database (ACD) (1982–2017)
The ACD contains data on new cases of cancer diagnosed in Australia since 1 January 1982,
excluding basal and squamous cell carcinomas of the skin.118
Cancer is a notifiable disease in all Australian States and Territories. The relevant legislation
requires certain individuals and organisations to notify all new cases of cancer to the jurisdiction’s
central cancer registry. These registries supply data annually to the Australian Institute of Health
and Welfare (AIHW), which cleans and standardises the data, notifies the registries of inter-state
duplicates and produces the ACD. Reporting of newly diagnosed cancers has been mandatory in
most but not all jurisdictions since 1982. o
National Death Index (NDI) (1980–2019)
The NDI is a catalogue of death records that is used for epidemiological studies. Its use is strictly
confined to AIHW Ethics Committee approved health and medical research. The NDI contains
person-level records of all deaths occurring in Australia since 1980 obtained from the Registrars
of Births, Deaths and Marriage in each State and Territory.119
NDI records are supplemented with cause of death information using a once-only data linkage with
the National Mortality Database. This enhancement enables research that requires both fact of
death (whether a person died) and cause of death (what the person died from).
Selection of study populations
The study populations were selected and classified based on place of residence as described
earlier (see Overview of methods and Figure 2). We included all individuals in the Medicare
Enrolment File who had lived in the PFAS Management Areas of Katherine, Oakey or Williamtown,
and a sample of those who had lived in comparison areas, at any time between October 1983 (when
the Medicare Enrolment file was established) and December 2019 (last available outcomes data).
As in Study 2, we selected a sample of individuals from the comparison areas (Box 1) rather than
including everyone in these areas to meet ethical requirements pertaining to the Medicare
Enrolment File. The comparison populations were frequency-matched at a 4:1 ratio to the exposed
populations on sex, age and year of first living in an exposure or comparison area, and Aboriginal

Mandatory reporting in: ACT—1994; NSW—1972; NT—1991; Qld—1982; SA—1977; Tas—1992; Vic—1982;
WA—1981

o
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and Torres Strait Islander status. Year and age were matched on 5-year bands, which were widened
if there were too few individuals in the band to meet the 4:1 matching requirement.
Individuals were excluded from the study if they had:
a) missing data for their date of birth, date of death (if death recorded) or sex
b) invalid dates—for example, where the recorded date of birth occurred after entry into the
study p or where the date of diagnosis occurred outside the interval from date of birth to
date of death.

Study variables
Outcomes
We examined 30 separate outcomes: 20 candidate cancers, any candidate cancer, any other
cancer apart from candidate cancers, any cancer (including any candidate or any other cancer),
four candidate causes of death, and three control causes of death. Incident cancers (diagnosed
age ≥25 years) and deaths (at any age) were ascertained from the ACD and the NDI, respectively,
based on International Classification of Diseases and Related Health Problems, 10th revision (ICD10) codes, or ICD-9 codes before year 1997. For time-to-event calculations (see below) we used
date of diagnosis or date of death as reported on the ACD or NDI, respectively.
The candidate outcomes comprised all cancer and cause-specific death outcomes that were
evaluated in PFAS Health Study Systematic Literature Review conducted in Phase I of the study,53
apart from cancers of head and neck, uterine and ovarian, which were included due to community
interest. Table 8 shows all cancer and mortality outcomes examined in this study and their ICD
codes.
Table 8. Outcome definitions for the groups of cancer outcomes and cause-specific mortality outcomes
Health outcome¹

International Classification of Diseases (ICD) codes

Cancer²
Candidate outcomes
Head and neck

C00–C14, C30–C32

Oesophageal

C15

Stomach

C16

Colorectal

C18–C20

Liver

C22

Pancreatic

C25

Laryngeal

C32

Lung

C33–C34

Bone

C40–C41

Breast

C50

Uterine

C54–C55

Ovarian

C56

Prostate

C61

Testicular

C62

(Table continued over)

Entry into the study was defined as the date of first registration with Medicare, regardless of State/Territory
of registration.

p
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Health outcome¹

International Classification of Diseases (ICD) codes

Cancer²
Kidney

C64

Bladder

C67

Thyroid

C73

Hodgkin lymphoma

C81

Non-Hodgkin lymphoma

C82–C86

Leukaemia

C91–C95

Any above cancer

Any above ICD-10 code

Any other cancer

Any ICD-10 code from C00–C96 apart from the above

Any cancer

Any ICD-10 code from C00–C96

Cause-specific mortality³
Candidate outcomes
Chronic kidney disease⁴

ICD-10: E10.2, E11.2, E12.2, E13.2, E14.2, I12, I13, I15.0, I15.1, N18, N19
ICD-9: 250.3, 403, 404, 585–589

Coronary heart disease

ICD-10: I20–I25
ICD-9: 410–414

Stroke

ICD-10: I60–I64
ICD-9: 430–434, 436

Liver disease

ICD-10: K70–K76
ICD-9: 570–573

Control outcomes
Infectious or parasitic diseases

ICD-10: A00, B99
ICD-9:001–139

All external causes apart from
intentional self-harm

ICD-10: V01–Y98
ICD-9: 800–999

Intentional self-harm

ICD-10: X60–X84, Y87.0
ICD-9: 950–959

Table notes
1.

Outcomes are ordered by ICD-10 codes.

2.

As recorded in the Australian Cancer Database.

3.

As recorded in the National Death Index as the underlying cause of death.

4.

Includes diabetic nephropathy, hypertensive kidney disease, chronic kidney failure and unspecific
kidney failure.

Exposure and other variables
Exposure, based on residence in a PFAS Management Area (as defined earlier) was classified at
the person-time level (see analysis section). Sex, age and calendar year, used for adjustments in
the analysis, were as recorded on the Medicare Enrolment File. Age and calendar year were treated
as time-varying variables—that is, variables that have different values through follow-up time.
Calendar- and age-at-risk periods (see below) were established at 5-year intervals (Lexis
expansion120). Aboriginal and Torres Strait Islander status was coded according to the VII database
(Box 4). Due to under-identification in the VII database, adjustment for Aboriginal and Torres Strait
Islander status was performed in sensitivity analysis only.
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Statistical analysis
Main analyses
For each cancer and cause-specific mortality outcome, we calculated the number of cases (number
of incident cancer diagnoses or deaths), total person-time at risk and incidence rates (cases
divided by total person-time), separately by exposure (exposed/non-exposed person-time). Persontime at risk is the time observed for every individual from study entry (date of first registration with
Medicare regardless of State/Territory of registration) to study exit within the study period 1983–
2019.
For each outcome, study exit for a particular individual occurred at the earliest occurrence of any
of the following:
a)
b)
c)
d)

Date of cancer diagnosis (for cancer analyses only)
Date of death
Age 85
Date of change of address into a ‘potential exposure’ q area, unless already exposed prior
to this date
e) End of the study period: 31 December 2017 for cancer outcomes, or 31 December 2019 for
mortality outcomes.

All person-time was classified as either exposed or non-exposed. r For exposed individuals, we
classified person-time from time of first exposure onwards as exposed (even if the individual
subsequently moved out of an exposure area), allowing for a lag period, and classified all persontime before time of first exposure or during the lag period as non-exposed. For comparison
individuals, we classified all person-time as non-exposed.
We used a lag period of 10 years as a minimum possible latency period—that is, an expected period
between first exposure to PFAS (living in an exposure area) and onset of disease. We did not
attribute health outcomes to exposure until after this lag period had passed. Individuals who were
already living in an exposure address at the start of the observation period (that is, at inception of
Medicare in 1983–1984) were assumed to had already lived there for at least 10 years, therefore a
lag period was not applied for these individuals. In sensitivity analyses (see below), we varied the
lag period but did not include zero lag (no lag period) because of the known latency from first
exposure to a cause of chronic disease and occurrence of that disease. Figure 6 describes the
classification of person-time under various scenarios.
All cancer and cause-specific mortality outcomes were analysed separately by State/Territory,
based on where the individual was first classified as living in an exposure or a comparison area.
Those who had a cancer diagnosis before entry into the study (based on ACD records) were
excluded from analysis of that cancer outcome. We used indirect standardisation to estimate the
standardised incidence ratio (SIR) for each cancer and mortality outcome with Poisson 95% CIs. In
this method, we calculated age-sex-calendar period-specific incidence rates in the non-exposed
population. Five-year age and calendar stratifications were used and widened if there were no
individuals in any stratum. We applied these rates to the exposed group, in order to generate an
expected number of cases over the total amount of exposed person-time, i.e. the number of cases
that would be expected if the exposed population experienced the same cancer or death rates as
the comparison population. The SIR was then calculated as the ratio of observed cases in the
exposed population to the expected cases calculated as described.

Those who lived in Katherine, Oakey or Williamtown postcodes (2314, 2318, 4401, 0850, 0851, 0852, 0853),
but were not found in the PFAS Address Database.

q

In description of the study population, exposure was classified at the individual level—’ever lived in
Katherine, Oakey or Williamtown’, or ‘ever lived in comparison areas’.

r
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Figure 6. Overview of attribution of person-time with application of lag period.

Sensitivity analyses
We conducted the following sensitivity analyses:
a) The exposed populations were limited to those who had lived in the PFAS Management
Areas of Katherine, Oakey or Williamtown continuously for at least 10 years prior to the last
available data in the ACD (31 December 2017) for cancer outcomes, or prior to the last
available data in the NDI (31 December 2019) for cause-specific mortality outcomes, i.e.
those who had moved out of exposure areas before 10 years had elapsed were excluded
from the analysis. Those who were already living in PFAS Management Areas at the start
of the observation period (1983–1984) were assumed to have been living there for at least
10 years and were therefore included in the exposed population for this analysis.
b) Aboriginal and Torres Strait Islander status, as recorded on the VII database, was included
as an additional adjustment.
c) The lag period was varied from 10 years to 5 years and 15 years.
d) A 10-year lag period was applied to those who were already living in PFAS Management
Areas at the start of the observation period (1983–1984).
Deviations from the original study protocol
There were several deviations from the original study protocol, as outlined in Appendix 4.

Australian National University

43

Study 3: Cancer and cause-specific mortality outcomes

Results
Description of the study population
Between 1 October 1983 and 31 December 2019, a total of 323,888 individuals were identified in
the Medicare Enrolment File as having lived in the PFAS Management Areas of Katherine, Oakey
or Williamtown and/or comparison areas. After excluding 5,001 individuals with missing or
inconsistent dates (see (b) in Selection of study populations), we included 99% (318,887/323,888)
of individuals, of whom 54,343 (17%) had lived at an address in the PFAS Address Database and
264,544 (83%) had lived in comparison areas.
The largest number of exposed individuals was in NT (25,428 (16%) exposed, 130,800 (84%)
comparison), followed by Qld (21,306 (17%) exposed, 102,972 (83%) comparison) and NSW (7,609
(20%) exposed, 30,772 (80%) comparison). Sample sizes and sociodemographic characteristics by
State/Territory and exposure status can be seen in Table 9.
A flow diagram of sample selection is in Figure 7.
Figure 7. Sample selection of study population for analysis of cancer and cause-specific mortality outcomes
All individuals who lived in the PFAS Management
Areas of Katherine, Oakey and Williamtown, and a
sample of those who lived in comparison areas†

323,888

people
5,000

people

2

people

Excluded: those with
invalid dates*
Excluded: those with
missing dates*

exposed

318,887

54,343 (17%)

people:

264,544 (83%) comparison

† All individuals in the Medicare Enrolment File with a recorded address in the PFAS
Address Database, or comparison area postcodes (see Box 1), between October 1983* Exclusions not mutually exclusive
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Table 9. Sociodemographic characteristics of study populations for analysis of cancer and cause-specific
mortality outcomes
NT
Exposed¹
n (%)

Characteristic
Total sample

Comparison
n (%)

Qld
Exposed
n (%)

Comparison
n (%)

NSW
Exposed
n (%)

Comparison
n (%)

25,428

130,800

21,306

102,972

7,609

30,772

Female

13,241 (52)

61,836 (47)

10,862 (51)

51,426 (50)

3,776 (50)

15,278 (50)

Male

12,187 (48)

68,964 (53)

10,444 (49)

51,546 (50)

3,833 (50)

15,494 (50)

1983–1989

3,124 (12)

17,651 (13)

5,449 (26)

25,469 (25)

1,472 (19)

5,977 (19)

1990–1994

3,557 (14)

22,980 (18)

2,709 (13)

12,892 (13)

1,232 (16)

4,906 (16)

1995–1999

4,519 (18)

17,860 (14)

3,096 (15)

11,885 (12)

934 (12)

3,836 (12)

2000–2004

3,855 (15)

15,066 (12)

2,990 (14)

13,413 (13)

1,051 (14)

4,166 (14)

2005–2009

3,537 (14)

19,179 (15)

2,465 (12)

13,435 (13)

1,312 (17)

5,193 (17)

2010–2014

3,382 (13)

19,056 (15)

2,419 (11)

13,093 (13)

812 (11)

3,459 (11)

2015–2019

3,454 (14)

19,008 (15)

2,178 (10)

12,785 (12)

796 (10)

3,235 (11)

0–9

8,167 (32)

27,234 (21)

6,950 (33)

29,959 (29)

1,454 (19)

5,840 (19)

10–19

3,513 (14)

16,556 (13)

3,217 (15)

15,965 (16)

1,024 (13)

4,150 (13)

20–29

5,106 (20)

31,341 (24)

4,336 (20)

15,666 (15)

1,117 (15)

4,523 (15)

30–39

4,513 (18)

25,239 (19)

2,792 (13)

13,796 (13)

888 (12)

3,643 (12)

40–49

2,292 (9)

15,503 (12)

1,636 (8)

10,013 (10)

832 (11)

3,395 (11)

50–59

1,237 (5)

9,317 (7)

1,025 (5)

7,938 (8)

926 (12)

3,697 (12)

60–69

426 (2)

4,044 (3)

716 (3)

5,455 (5)

832 (11)

3,321 (11)

70–79

137 (1)

1,207 (1)

411 (2)

2,577 (3)

416 (5)

1,667 (5)

80–89

37 (0)

322 (0)

183 (1)

1,321 (1)

103 (1)

457 (1)

90+

0

37 (0)

40 (0)

282 (0)

17 (0)

79 (0)

Sex

Year first recorded
as living PFAS
Management Area
or comparison area

Age first recorded
as living in PFAS
Management Area
or comparison area

†

Indigenous status²
No

20,084 (79) 11,7217 (90)

19,584 (92)

99,336 (96)

7,386 (97)

29,870 (97)

Yes

5,344 (21)

1,722 (8)

3,636 (4)

223 (3)

902 (3)

13,583 (10)

Table notes
Data sources: Medicare Enrolment File (October 1983–December 2019), Voluntary Indigenous Identifier (VII)
database (2002–2019)
1.

In this table, exposure was classified at the individual level (rather than at the person-time level). A person
was ‘exposed’ if they ever lived at an address in the PFAS Address Database, and ‘comparison’ if they
only ever lived in a comparison area.

2.

These statistics were based on those Aboriginal and Torres Strait Islander people who had voluntarily
identified in the VII database. The proportions presented have not been weighted for under-identification.
These data were extracted on March 2021.

3.

Categories were collapsed (†) to avoid reporting cell numbers with size ≤5.
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4.

Percentages were rounded to zero decimal places.

Although NT had the largest number of exposed individuals, Qld had the longest total duration of
person-time at risk classified as exposed: (378,021 person-years), followed by NT (322,556 personyears) and NSW (115,373 person-years). Altogether, we observed a total of 4.0 million person-years
in NT, 3.4 million person-years in Qld and 1.1 million person-years in NSW.
Among the 318,887 individuals included in the main sample, 8.4% (26,721/318,887) had a death
recorded on the NDI over the study period, 1 October 1983 to 31 December 2019. Excluding
individuals who entered the study after 31 December 2017 (n = 3,348), 6.7% (21,611/318,887) had at
least one link to the ACD, with 24,166 cancers diagnosed in total over the study period, 1 October
1983 to 31 December 2017.

Cancer outcomes in relation to living in exposure areas
The number of observed and expected cases in the exposed population, and SIRs for all cancers
examined are shown in Table 10; a forest plot of SIRs is shown in Figure 8. Number of cases, personyears of follow-up and crude rates are in Appendix Table 5-7. For information on interpreting effect
estimates, see Box 2.
In NT, after adjusting for age, sex and calendar time, the rate of prostate cancer among those who
had lived in Katherine was 76% higher than among those who had lived in the comparison areas
(SIR = 1.76, 95% CI 1.36 to 2.24). The two composite outcomes, measuring the incidence of any of
the 20 candidate cancers (SIR = 1.13, 95% CI 1.00 to 1.28), or of any cancer recorded on the ACD (SIR
= 1.18, 95% CI 1.06 to 1.30), also indicated slightly higher rates of cancer among Katherine residents.
However, when prostate cancer was removed from the composite measures, there was little or no
differences in rates between the exposed and comparison populations (any candidate cancer
SIR = 1.02, 95% CI 0.89 to 1.17; any cancer SIR = 1.10, 95% CI 0.98 to 1.23). For all other outcomes,
interval estimates were compatible with no effect, and we were unable to conclude that rates of
these cancers differed between Katherine and the comparison population. It is important to note
that for most of these outcomes we observed only a small number of cases (reflecting the small
median follow-up time once a 10-year lag had been taken into account) and estimates for these
outcomes were too imprecise to determine the size or direction of effect. For example, the result
for bone cancer, while appearing high (SIR = 2.11), was compatible with rates ranging from 95%
lower to nearly 12-fold higher in Katherine residents compared to the comparison population (95%
CI 0.05 to 11.76).
In Qld, after adjusting for age, sex and calendar time, the rate of laryngeal cancer in Oakey
residents was 2.7-fold the rate among those who had lived in comparison areas (SIR = 2.71, 95% CI
1.30 to 4.98). However, this estimate was imprecise due to the small number of cases and a
confidence interval suggesting that the rate may have ranged anywhere from 30% higher to 400%
higher. For the other candidate outcomes in Oakey, effect sizes (in both directions) were not large
and interval estimates were compatible with no effect. Composite measurements also suggested
little or no differences in the rates of any of the 20 candidate cancers (SIR = 1.06, 95% CI 0.97 to
1.16) or of any cancer recorded on the ACD (SIR = 1.00, 95% CI 0.93 to 1.08) between Oakey residents
and the comparison population.
In NSW, after adjusting for age, sex and calendar time, the rates of kidney and lung cancers in
those who had lived in Williamtown were around 80% higher than the rates in those who had lived
in its comparison areas (kidney cancer SIR = 1.82, 95% CI 1.04 to 2.96; lung cancer SIR = 1.83, 95%
CI 1.39 to 2.38). For the other candidate outcomes, the precision of the estimates varied but all
were compatible with no effect. Composite measurements suggested small or no differences in
the rates of any of the 20 candidate cancers (SIR = 1.09, 95% CI 0.96 to 1.23) or of any cancer
recorded on the ACD (SIR = 1.05, 95% CI 0.94 to 1.17) between Williamtown residents and the
comparison population.
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Table 10. Cancer and cause-specific mortality outcomes: observed (O) and expected (E) case numbers in the
exposed populations, and standardised incidence ratios (SIR)
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Candidate outcomes
Head and neck

22\20

1.11 (0.69,1.67)

Oesophageal

7\5

Stomach

0.96 (0.65,1.38) 12\11

1.12 (0.58,1.96)

1.33 (0.53,2.73) 12\8

1.57 (0.81,2.74)

≤5\≤5

0.46 (0.06,1.67)

≤5\≤5

1.23 (0.40,2.86) 7\11

0.65 (0.26,1.34) ≤5\≤5

0.82 (0.22,2.10)

Colorectal

41\36

1.14 (0.82,1.54)

93\81

1.15 (0.93,1.41)

37\41

0.90 (0.63,1.24)

Liver

≤5\np

0.47 (0.13,1.20)

≤5\np

0.76 (0.25,1.77) ≤5\≤5

1.16 (0.32,2.97)

Pancreatic

≤5\np

0.74 (0.20,1.90) 17\12

1.37 (0.80,2.20) 13\8

1.58 (0.84,2.70)

Laryngeal

≤5\≤5

0.26 (0.01,1.45)

10\≤5

2.71 (1.30,4.98)

≤5\≤5

1.16 (0.14,4.17)

Lung

30\32

0.94 (0.64,1.34) 61\57

1.07 (0.82,1.37)

57\31

1.83 (1.39,2.38)

Bone

≤5\≤5

2.11 (0.05,11.76) ≤5\≤5

1.36 (0.03,7.60) No observed events

Breast

59\52

1.14 (0.87,1.47)

88\99

0.89 (0.71,1.09)

43\45

0.95 (0.69,1.29)

Uterine

9\6

1.56 (0.71,2.95)

18\13

1.38 (0.82,2.19)

7\5

1.30 (0.52,2.67)

Ovarian

≤5\≤5

1.65 (0.54,3.85) 7\8

0.87 (0.35,1.78) ≤5\≤5

0.27 (0.01,1.51)

Prostate

66\37

1.76 (1.36,2.24)

107\97

1.10 (0.90,1.33)

49\59

0.83 (0.61,1.09)

Testicular

≤5\≤5

0.51 (0.06,1.85)

6\6

0.92 (0.34,2.01) ≤5\≤5

0.64 (0.02,3.56)

Kidney

6\8

0.77 (0.28,1.67) 25\22

1.15 (0.74,1.69)

16\9

1.82 (1.04,2.96)

Bladder

8\≤5

2.02 (0.87,3.97) 12\14

0.89 (0.46,1.55) 14\9

1.63 (0.89,2.74)

Thyroid

≤5\np

0.66 (0.21,1.54)

1.20 (0.75,1.82)

1.66 (0.61,3.62)

Hodgkin lymphoma

≤5\≤5

0.49 (0.01,2.75) ≤5\≤5

0.78 (0.09,2.83) ≤5\≤5

0.81 (0.02,4.52)

Non-Hodgkin lymphoma

12\11

1.06 (0.55,1.84)

23\24

0.97 (0.61,1.45)

16\13

1.24 (0.71,2.02)

Leukaemia

≤5\np

0.41 (0.08,1.19)

23\20

1.12 (0.71,1.69)

10\10

0.96 (0.46,1.76)

Any above cancer

270\239 1.13 (1.00,1.28)

521\491

1.06 (0.97,1.16)

263\241 1.09 (0.96,1.23)

Any other cancer

103\80

174\192

0.90 (0.78,1.05) 88\89

Any cancer

358\305 1.18 (1.06,1.30)

656\653 1.00 (0.93,1.08)

325\310 1.05 (0.94,1.17)

Chronic kidney disease

8\8

0.94 (0.41,1.86)

10\10

1.00 (0.48,1.83)

7\5

1.29 (0.52,2.65)

Coronary heart disease

40\37

1.07 (0.77,1.46)

114\93

1.22 (1.01,1.47)

92\51

1.81 (1.46,2.23)

Stroke

12\10

1.22 (0.63,2.13)

27\29

0.92 (0.60,1.33) 29\21

1.37 (0.92,1.97)

Liver disease

8\17

0.46 (0.20,0.91) 15\14

1.10 (0.62,1.82)

6\≤5

1.25 (0.46,2.71)

8\9

0.93 (0.40,1.82) 10\8

1.31 (0.63,2.41)

10\6

1.67 (0.80,3.07)

All external causes apart 35\51
from self-harm

0.69 (0.48,0.96) 72\52

1.38 (1.08,1.73)

17\17

1.01 (0.59,1.62)

Intentional self-harm

0.98 (0.66,1.40) 53\37

1.44 (1.08,1.89)

14\7

1.89 (1.04,3.18)

1.29 (1.05,1.57)

29\30

22\18

6\≤5

0.99 (0.79,1.21)

Cause-specific mortality
Candidate outcomes

Control outcomes
Infectious or parasitic

30\31

Table notes
Australian National University

47

Study 3: Cancer and cause-specific mortality outcomes

The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
1.

In this table, exposure was classified at the person-time level. In individuals who were ‘ever exposed’, we
classified person-time from time of first exposure onwards as exposed (even if the individual subsequently
moved out of an exposure area), allowing for a lag period, and classified all person-time before time of
first exposure or during the lag period as non-exposed. In comparison individuals, we classified all persontime as non-exposed.

2.

SIRs are adjusted for age, sex and calendar period. For death outcomes, the first age band was 15 years
(0–15 years), and 5 years thereafter. For cancer outcomes, 5-year age bands were used from 25 years.
The final age band for all outcomes was 70–85 years. A 10-year lag period was applied, therefore the first
calendar period band was 15 years (1983–1998), and 5 years thereafter. SIRs are represented in forest
plots in Figure 8 and Figure 9.

3.

Number of cases, person-years of follow-up and crude rates are in Appendix Table 5–7.

4.

Cells have been suppressed to avoid reporting cell numbers with size ≤5 (np: not provided).

5.

Expected cases were rounded to zero decimal places.

Figure 8. Forest plot showing standardised incidence ratios (SIR) for cancer outcomes

Figure notes
Data sources: Medicare Enrolment File (October 1983–December 2019) linked to Australian Cancer Database
(up to December 2017).
1.

Forest plot shows point estimates of SIRs (filled squares) and associated 95% confidence intervals
(horizontal lines), and solid vertical line of no effect. SIRs were adjusted for age, sex and calendar period.

2.

See Table 10 for numbers of observed and expected cases, and SIRs.
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3.

SIRs are on a log scale.

Mortality outcomes in relation to living in exposure areas
The number of observed and expected cases in the exposed population, and SIRs for all causes of
death investigated are shown in Table 10; a forest plot of SIRs is shown in Figure 9. Number of
cases, person-years of follow-up and crude rates are in Appendix Table 5–7. For information on
interpreting effect estimates, see Box 2.
In NT, after adjusting for age, sex and calendar time, the rates of death from liver disease were
64% lower in those who had lived in Katherine compared to those who had lived in comparison
areas (SIR = 0.46, 95% CI 0.20 to 0.91). The rate of death from external causes apart from self-harm
was also 31% lower in Katherine (SIR = 0.69, 95% CI 0.48 to 0.96). For the other candidate outcomes
(death from chronic kidney disease, coronary heart disease or stroke) and control outcomes (death
from infections or intentional self-harm) effect sizes were generally small, and interval estimates
imprecise, compatible with no effect.
In Qld, after adjustments, the rate of death from coronary heart disease was 22% higher in those
who had lived in Oakey compared to those who had lived in comparison areas (SIR = 1.22, 95% CI
1.01 to 1.47). For the other candidate outcomes (death from chronic kidney disease, stroke or liver
disease) point estimates were around 1, but estimates were too imprecise to make any conclusions
about the size or direction of effects. For example, the data for chronic kidney disease mortality
suggested that the rates were anywhere between 52% lower to 83% higher in the exposed
population compared to the comparison population (SIR = 1.00, 95%CI 0.48 to 1.83). For two of three
control outcomes examined, we estimated around 40% higher death rates associated with having
lived in Oakey (external causes apart from self-harm SIR = 1.38, 95% CI 1.08 to 1.73; intentional selfharm SIR = 1.44, 95% CI 1.08 to 1.89).
In NSW, after adjusting for age, sex and calendar time, the rate of death from coronary heart
disease was 81% higher in Williamtown residents compared to residents of comparison areas (SIR
= 1.81, 95% CI 1.46 to 2.23). We also observed higher death rates from intentional self-harm in
Williamtown (SIR = 1.89, 95% CI 1.04 to 3.18). For the remaining candidate and control causes of
death studied, while all SIR point estimates were above 1, interval estimates were too wide to make
any determinations about effects sizes or their direction, thus we were unable to conclude that
rates of these outcomes differed between Williamtown residents compared to its comparison
population.

Sensitivity analyses
In the first sensitivity analyses, we limited the exposed populations to those who had lived in the
PFAS Management Areas continuously for at least 10 years. This had the effect of increasing the
uncertainty of all estimates (widening of confidence intervals) due to reductions in sample sizes
but did not change our conclusions. However, we note that the SIR estimate for bladder cancer in
Williamtown increased from 1.63 (95% CI 0.89 to 2.74) in the main analysis to 2.27 (95% CI 1.04 to
4.31) in this sensitivity analysis (Appendix Table 8). In Oakey, SIR point estimates did not
corroborate these results, where it was 0.89 (95% CI 0.46 to 1.55) in the main analysis and 1.20
(95% CI 0.58 to 2.21) in this analysis, but there was essentially not enough precision to make further
inferences either way.
Our analysis was not sensitive to an increase in the lag period from 10 years to 15 years (Appendix
Table 10). Decreasing the lag period from 10 years to five years largely did not have an impact on
our conclusions. However, we estimated that the SIR of pancreatic cancer in Williamtown
increased from 1.58 (95% CI 0.84 to 2.70) in the main analysis to 2.67 (95% CI 1.73 to 3.94) in this
analysis (Appendix Table 9). In Oakey, the SIR for pancreatic cancer was above 1 in both the main
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analysis (SIR = 1.37 95% CI 0.80 to 2.20) and this sensitivity analysis (SIR = 1.32 95% CI 0.80 to 2.07)
however these intervals were still consistent with no differences.
In the third and fourth sensitivity analyses, where we included an additional adjustment for
voluntary Aboriginal and Torres Strait Islander status (Appendix Table 11), and where we applied a
lag period to those who were already living in PFAS Management Areas at the inception of
Medicare s (Appendix Table 12) respectively, there was little to no impact on effect sizes and
direction of findings. The third sensitivity analysis was not performed in NSW due to low
proportions of Aboriginal and Torres Strait Islander residents.
Figure 9. Forest plot showing standardised incidence ratios (SIR) for cause-specific mortality outcomes

Figure notes
Data sources: Medicare Enrolment File (October 1983–December 2019) linked to National Death Index (up to
December 2019).
1.

Forest plot shows point estimates of SIRs (filled squares) and associated 95% confidence intervals
(horizontal lines), and solid vertical line of no effect. SIRs were adjusted for age, sex and calendar period.

2.

See Table 10 for numbers of observed and expected cases, and SIRs.

3.

SIRs are on a log scale.

Discussion
Summary of main findings
In our analysis of cancer outcomes in the PFAS Management Areas between 1983–2017, we
estimated higher-than-expected rates of prostate cancer in people who had lived in Katherine, of
laryngeal cancer in people who had lived in Oakey, and of kidney and lung cancers—and from
sensitivity analyses, possibly bladder and pancreatic cancers—in people who had lived in
Williamtown. Otherwise, the overall standardised rates of any candidate cancer, or of any cancer,
were very similar across the exposed and comparison populations, or too uncertain to draw
conclusions.
For mortality outcomes, we estimated a lower-than-expected rate of death from liver disease in
those who had lived in Katherine, and higher-than-expected rate of death from coronary heart
disease in those who had lived in Oakey or Williamtown. Alongside this, we estimated higher-thanexpected death rates for two control outcomes in Oakey (deaths from external causes apart from
self-harm, and deaths from intentional self-harm), and in one control outcome in Williamtown
(intentional self-harm). The implications of these findings are discussed below.

s
In other words, we did not assume that these individuals had already been living at their first registered
address on Medicare for at least 10 years.
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It is important to note that for many of the candidate outcomes the numbers of cases analysed
were small and estimates too imprecise to make any determination about whether rates were
different across the exposed and comparison populations. The relative rates for key findings are
presented in Box 6, alongside which we have added estimates of absolute rates to provide an
indication of rate differences on the absolute scale. It is important to note that while these
estimates take random error (the play of chance) into account (confidence intervals available in
Table 10), we cannot assume there was no bias from residual confounding. These issues are
discussed in the section below on study strengths and weaknesses.
Box 6. Summary of key results: adjusted relative and absolute rates for selected cancer and causespecific mortality outcomes
Adjusted relative rate

Associated absolute rate

Katherine—Prostate

Rate 1.76-fold that of comparison
population (76% higher)

Rate increase from 9 to 15 cases in
10,000 person-years

Oakey—Laryngeal

Rate 2.71-fold that of comparison
population (171% higher)

Rate increase from 0.2 to 0.7 cases
in 10,000 person-years

Williamtown—Kidney

Rate 1.82-fold that of comparison
population (82% higher)

Rate increase from 2 to 3 cases in
10,000 person-years

Williamtown—Lung

Rate 1.83-fold that of comparison
population (83% higher)

Rate increase from 7 to 12 cases in
10,000 person-years

All other outcomes

No evidence of meaningful difference, uncertain or unable to determine
due to imprecision.

Cancer

Cause-specific
mortality
Katherine—Liver disease

Rate 0.46-fold that of comparison Rate decrease from 1 to 0.5 death in
population (64% lower)
10,000 person-years

Oakey—Coronary heart
disease

Rate 1.22-fold that of comparison
population (22% higher)

Rate increase from 4 to 5 deaths in
10,000 person-years

Williamtown—Coronary
heart disease

Rate 1.81-fold that of comparison
population (81% higher)

Rate increase from 8 to 14 deaths in
10,000 person-years

All other outcomes

No evidence of meaningful difference, uncertain or unable to determine
due to imprecision.

Notes
1.

Relative rates should be considered alongside their confidence intervals in Table 10.

2.

10,000 person-years is the equivalent of observing a population of 10,000 people for one year, or
1,000 people over 10 years, or 2,000 people for 5 years and so forth.

3.

Absolute rates were estimated assuming population characteristics of the exposed over the study
period (rather than the comparison or average characteristics of the whole study population).

4.

In sensitivity analyses, the rate of bladder cancer and pancreatic cancer was 2.2-fold and 2.7-fold
that of the comparison population respectively (confidence intervals in Appendix Table 8 and
Appendix Table 9).

Interpretation of findings in the context of previous evidence
The largest relative effect estimated was the 2.7-fold (or 171% higher-than-expected) rate of
laryngeal cancer in Oakey, although the level of uncertainty suggested that the rate may have been
anywhere from 30% to 400% higher. The current evidence on the effects of PFAS exposure on
laryngeal cancer is sparse. We are aware of one study that examined deaths from laryngeal cancer
in a worker cohort with very high occupational exposure to PFOA,121 and we are not aware of any
study examining laryngeal cancer incidence. The worker cohort study observed only three deaths
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due to laryngeal cancer and therefore, most likely did not have adequate statistical power to
evaluate effects.121 Similarly, we were limited by low numbers of events in Katherine and
Williamtown, leading to very imprecise SIR estimates in these areas.
Prostate cancer had the highest incidence among the individual cancers investigated in this study,
in all three exposure areas. This allowed SIRs for this outcome to be estimated with more precision,
with results showing higher-than-expected rates in Katherine, but not in Oakey or Williamtown.
Studies in highly exposed workers at a DuPont chemical plant in West Virginia, USA, which uses
PFOA, and at facilities in Minnesota and Alabama, USA, which produce PFOA and PFOS
respectively, did not find associations with prostate cancer incidence.77,122,123 Studies among
communities in the mid-Ohio Valley region (C8 Health Project) that were highly exposed to PFOA
due to contaminated drinking water also did not see associations with prostate cancer.124,125 In
those with background levels of exposure, a case control general population study in Sweden did
not detect overall associations with six types of measured serum PFAS, but did find associations
in people who had a first-degree relative with a prostate cancer diagnosis;126 a Danish population
cohort study did not observe relationships between measured serum PFOS or PFOA and prostate
cancer incidence.127
Mortality studies of prostate cancer have largely been based on small numbers of cases, and thus
may have lacked sufficient power to detect effects. A decreased rate of death due to prostate
cancer was seen among workers at a DuPont plant (12 deaths) when using the US population as a
reference but not when using the state population or regional employees from the same company
as the reference populations.121 However, Steenland & Woskie128 did not find an association
between estimated cumulative serum PFOA and prostate cancer mortality (21 deaths) when they
extended the follow-up of this cohort for an additional six years. In contrast, two studies reported
higher risks of death from prostate cancer, based on six and 16 deaths in a different group of
workers.129,130 However, this was not corroborated in an updated study by Raleigh and colleagues123
using the same cohort and additional employees, where they did not find evidence to support an
association between exposure and prostate cancer mortality (24 deaths).
We estimated an elevated rate of kidney cancer in Williamtown. There is some prior evidence
suggesting an association between PFOA and kidney cancer incidence, although not
unequivocally. Excess kidney cancer was observed in the mid-Ohio Valley communities with known
drinking water contamination, although there was some overlap in the cases examined in the two
studies.124,125 However, highly exposed workers at a PFOA-producing plant in Minnesota, USA, were
not observed to have higher rates of kidney cancer.123 In the US general population, where levels of
exposure are low, a case-control study reported some evidence for a positive but not monotonic
trend for kidney cancer with increasing levels of measured serum PFOA, but not for other PFAS.131
In terms of kidney cancer mortality, Steenland & Woskie128 reported an association with estimated
serum PFOA among employees in a facility that uses PFOA (12 deaths), but the same association
was not seen among employees of a different PFOA-producing plant (6 deaths).123 There is little
published evidence for associations between PFOS and PFHxS to prostate and kidney cancers.
It is important to note that in other studies where associations between PFOA and increased rates
of prostate and kidney cancers have been observed, PFOA concentrations are likely to be different
to that in the PFAS Management Areas, making direct comparisons difficult. Median serum PFOA
concentrations in occupational cohorts ranged from 113-5,200 ng/ml,121-123,129,130 those in the midOhio Valley communities ranged from 24.2-28.2 ng/ml124,125 and median serum PFOA
concentrations in general population studies in Sweden, Denmark and USA were 2.0–5.5
ng/ml.126,127,131 We do not have historical data on PFAS concentrations in our study populations,
however current median PFOA levels are between 1.3–1.9 ng/ml.51
Our finding of elevated lung cancer incidence in Williamtown is not supported by other evidence.
As far as we are aware, there is no prior evidence for a relationship between PFAS exposure and
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lung cancer. Studies in both occupational cohorts and in communities living in contaminated areas
have not identified associations between PFAS and lung cancer incidence or
mortality.121,124,125,128,130,132,133
We estimated an increased incidence of pancreatic cancer in Williamtown in a sensitivity analysis
where a lag period of five years was applied. There is no prior support for a relationship between
PFAS exposure and pancreatic cancer, although most studies have only investigated exposure to
PFOA. Studies in workers exposed occupationally and in residents living in contaminated areas
have not reported associations between PFAS and pancreatic cancer incidence or mortality.121,123125,128,130,134
It should be noted that most mortality studies have been based on very few cases (<20)
and may have lacked statistical power to detect differences; the largest study was based on 18
deaths.123 In a cohort study of the general population in Denmark, no associations were noted
between measured serum PFOS and PFOA and pancreatic cancer incidence.127
We saw a higher rate of bladder cancer in Williamtown in a sensitivity analysis where we limited
the exposed population to only those who had lived in the exposure area for at least 10 years. There
is little support for a relationship between PFOA or PFOS and bladder cancer. In highly exposed
employees of PFAS facilities, studies have not identified associations between PFAS and bladder
cancer incidence or mortality or mortality,121,123,128-130,135 apart from one study that found a lower risk
of bladder cancer with increasing levels of estimated serum PFOA122 and one study that found an
increased rate of death associated with PFOS exposure based on 3 deaths.133 Mortality studies (≤10
deaths) may have lacked statistical power to evaluate effects. There was no evidence to support
an association between PFAS and bladder cancer incidence in communities living near
manufacturing plants124,125 or in the general population.127
With regard to the biological plausibility of potential causal links between PFAS exposure and
cancer, animal studies have found PFOA exposure to promote hepatocellular adenomas,
pancreatic acinar cell adenomas136,137 and testicular Leydig cell adenomas,137 with some
differences in response between male and female rats.136 However, the mechanism by which PFOA
is thought to cause liver tumours in rats (peroxisome proliferator-activated receptor alpha (PPARa)
activation) is considered to be unlikely in humans due to species differences in response to
PPARa.38 Animal studies have not detected kidney tumour in rats.38 Possible mechanisms for PFAS
carcinogenicity are largely unknown, and the relevance of alternative proposed modes of action in
humans are similarly unknown.38
Findings on cause-specific mortality showed that coronary heart disease deaths, as expected,
were much more common in the study populations than the other candidate causes studied,
yielding the most precise estimates. The rates of death from coronary heart disease were elevated
in both Oakey and Williamtown compared with their respective comparisons areas. There is no
existing evidence for a link between PFAS and coronary heart disease mortality except for an
indirect link by way of blood lipids (see below). Studies among workers with occupational exposure
to PFOA did not find increased deaths from coronary heart disease or ischaemic heart
disease.123,128,130,138 Other studies examining incidence in worker cohorts, exposed communities and
in the general population have not reported associations between PFOA, PFOS or PFHxS across a
variety of endpoints, including ischaemic heart disease, coronary artery disease, angina and/or
heart attack,122,123,138-141 apart from one general population cohort study in the USA that reported an
increased risk of coronary heart disease in those exposed to PFOA.142 Studies in laboratory rodents
have not reported any histological or morphological alterations in the heart.38
There is, however, some prior evidence for a relationship between PFAS and biomarkers of
cardiovascular health including elevated levels of serum lipid, particularly total cholesterol, LDL
and triglycerides.8,31,143
We assessed death rates for control outcomes based on biological plausibility—these deaths are
unlikely to be attributable to the biological effects of PFAS exposure. Therefore, in the absence of
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confounding, we would not expect to see any differences in the standardised death rates for these
outcomes across the exposure and comparison areas. Therefore, the higher death rates of control
outcomes in both Oakey and Williamtown bring into question the reason for increased rates of
candidate outcomes in these areas, particularly given the multiple known risk factors for some
outcomes (such as for coronary heart disease) which we could not account for in our analysis.
Regardless, the findings of higher-than-expected rates of intentional self-harm in Oakey and
Williamtown warrant further investigation, given possible social and psychological links to living in
these areas by way of, for example, concerns for health and reduced property values due to PFAS
contamination.
Importantly, even where we have observed elevated cancer or death rates among the exposed
populations, and where there is some consistency with previous evidence, we cannot determine
whether these effects are causal. This is discussed further in the strengths and weaknesses
section below and in the general discussion of causality on page 58.

Strengths and weaknesses
There are strengths and weaknesses of this study that should be kept in mind when interpreting
findings and comparing them with results of other studies. These include considerations relating
to selection of the study population, measurements of exposure and outcomes, and potential
confounding.
Selection of study population
A strength of this data linkage study is that by using the Medicare Enrolment File we likely
captured a large proportion of the eligible study population who ever lived in Katherine, Oakey or
Williamtown over the 35 years, from 1983 to 2019. It is equally likely that we captured a high
proportion of the eligible comparison populations during this time. We would have missed people
who moved into an area without notifying Medicare of the change, but this is unlikely to have
affected relative effect estimates. t Further, those with non-residential mailing addresses only,
such as post office boxes, were not included in the main analyses. The extent of exclusion from the
study population due to this issue is unknown; however, we believe there to be a high percentage
of Katherine residents who use post office boxes. In sensitivity analyses, we included everyone in
Katherine, Oakey and Williamtown based on postcodes, which encompass post office box
addresses. Another potential source of selection bias is linkage error; we assume this error to be
small (see Appendix 1).
The Medicare Enrolment File started in late 1983, which means that we began observing the study
population up to 15 years after the first exposures (PFAS exposure is possible as early as the
1970s). This is known as left-truncation of a cohort. u Individuals who were exposed earlier may have
died or developed cancer before the start of the Medicare Enrolment File and would not be
observed in this study. If PFAS exposure is related to disease and/or death, this may have led to
underestimation of effect estimates—particularly for cancers with high fatality rates. However,
PFAS exposure in Katherine, Oakey and Williamtown is thought to have peaked in the 2000s,
around the time the Department of Defence commenced phasing out of the use of AFFF and before
the public was made aware of contamination issues and advised to limit exposure—thus
minimising the impact of left-truncation.

This under-capture of the eligible population could bias estimates in the unlikely scenario that a large
proportion of individuals who were living in exposed areas did not register their address on Medicare, and they
moved due to concerns regarding their health.
t

u

Left-truncation occurs when observation of the cohort begins after the time of first exposure.
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Exposure measurement
We relied on address data in the Medicare Enrolment File to determine exposure status (residence
in an exposure or comparison area). While this is an objective method of attributing exposure,
misclassification may occur if address details are incorrect. Electronic reimbursements for
Medicare-covered services have lessened the incentive for individuals to register changes in
address, resulting in increasing delays between actual changes of residence and their recording
by Medicare. The main effect of this is that exposed person-time and cases will be incorrectly
attributed to the non-exposed. The extent of this error is unknown, but if rates are indeed different
between the exposed and comparison populations, this error would have led to an under-estimation
of effect sizes.
We were also unable to adequately measure duration of exposure due to left-truncation (there are
no data before October 1983) and delays by individuals of notifying Medicare of address changes.
We attempted to examine this in a sensitivity analysis by restricting the exposed population to
individuals registered as living in exposure areas for at least 10 years, and note an increase in the
SIR estimate for bladder cancer in Williamtown (estimates were in the same direction, but
uncertain in the main analysis); but otherwise did not change our conclusions.
Outcome measurement
We ascertained incident cancers and deaths from national registries, thus allowing complete
follow-up of cases (assuming no linkage error; see Appendix 1), including if study participants had
moved away from the exposure or comparison areas.
The data in these registries are thought to be accurate, but the collection and classification of
cancer and death data have changed over time, resulting in some measurement error. Mandatory
reporting of cancer diagnoses began before the observation period for most States/Territories
including NSW (1974) and Qld (1982), but not NT (1991). Thus, there will be under-ascertainment of
cases, particularly among people living in the NT before 1991, v and possibly among those in the
study populations that moved to the ACT or Tasmania in the early years, where reporting was only
made mandatory in 1994 and 1992, respectively. Death data in the NDI were coded to ICD-9 from
1979 to 1996 and coded to ICD-10 from 1997 onward. There may have been more or fewer deaths
due to a specific cause attributable to the change in coding standards. w These impacts were likely
to have been non-differential with respect to the exposure, in which case SIRs would not have been
affected.
A key issue was the small numbers of observed cases for many of the outcomes investigated,
resulting in imprecise estimates and difficulties in our assessments of whether rates were
different in the exposed versus comparison populations. Although we measured outcomes over a
35-year period and captured most individuals who were eligible to be included, the exposed
populations, especially in Oakey and Williamtown, were small. Even in Katherine, despite a
relatively large study population, there was insufficient follow-up time to observe differences,
should they exist, in some cancers or causes of death that have long latency periods. Our data
suggest that there was steady migration into Katherine over the study period, resulting in a shorter
average follow-up time per resident than in Oakey and Williamtown, where higher proportions of
residents had moved into these towns before the start of the study (Table 9).

The proportions of total cancers in the study population diagnosed in NT for the period 1982–1991 and from
1991–2017 were 13% and 17% respectively. The proportions diagnosed in Qld were 48% in both periods, and in
NSW, 24% and 26%. The remaining cancers (in the respective periods) were diagnosed in other states.

v

The proportions of totals deaths in the study population for the period 1980–1997 (ICD-9) and 1997–2019
(ICD-10) were: external causes (15% and 12%), coronary heart disease (20% and 14%), chronic kidney disease
(0.8% and 2%), liver disease (1.2% and 2%) and stroke (6% and 4.7%).

w
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On average, each Oakey resident contributed 17.7 exposed follow-up years, followed by
Williamtown (15.2 years) and Katherine (12.7 years). Note that the above figures do not reflect reclassification of exposure time due to application of a lag period; for example, in the main analysis
the first 10 years after moving into an exposure area was attributed to the non-exposed to account
for a latency period.
Potential confounding
Confounding is an issue in all observational studies, potentially biasing risk estimates and limiting
the ability to draw causal inferences. This is additionally discussed in the last section of the report.
There was a significant risk of confounding in this study, due to factors apart from exposure that
may have led to differences (or lack of difference) in cancer and mortality rates. Use of
administrative data meant that we did not have information on many participant characteristics,
such as may be available from a survey study design. Apart from age and sex, we could not account
for other risk factors related to the outcomes of interest, such as alcohol consumption, tobacco
use, individual-level socioeconomic status, obesity and occupational exposure to PFAS.
We had indirect evidence of the probable unequal distribution of risk factors in the exposed and
comparison populations, seen in the elevated death rates for control outcomes in both Oakey and
Williamtown, and for non-candidate cancers in Katherine. These observations bring into question
the reasons for elevated rates of candidate outcomes. We expect our findings to have been
particularly affected by confounding by SES-related factors. While every effort was made to draw
a comparison population for each exposure area from comparable socioeconomic areas, this was
based on area-level measures at one point in time, which may not have reflected changes over time.
The long study period and particularly mobile populations also presented challenges in assigning
socioeconomic position longitudinally, which we did not attempt to do. In addition, area-level SES
measures are imprecise proxies for individual circumstances. We lacked information on individuallevel socioeconomic status to assess the comparability between the exposed and comparison
populations on this dimension over the long study period.
We set out to select comparison areas that were similar to the exposure areas in terms of
proportions of Aboriginal and Torres Strait Islander residents. However, there were smaller
proportions of people of Aboriginal and Torres Strait Islander descent drawn from these areas in
the resulting comparison populations in NT and Qld. This was partly driven by limited available
comparison areas, particularly in NT, that were comparable to Katherine on other socioeconomic
factors including proportions of Aboriginal and Torres Strait Islander peoples. We adjusted for
individual-level voluntary Aboriginal and Torres Strait Islander status in sensitivity analyses. This
adjustment did not materially affect estimates; but this may have reflected under-adjustment due
to substantial under-identification.
Broadly, there appeared to be considerable under-identification of Aboriginal and Torres Strait
Islander status in the study populations in NT and Qld as recorded in the VII database (Table 9),
when compared to the Perinatal Data Collections (Table 3) and AEDC (Table 6), and when compared
to Census 2011 data x—although noting differences in population demographics and/or time
periods. Given the relatively high proportions of Aboriginal and Torres Strait Islander peoples in
Katherine and Oakey, and the fact that cancer and mortality rates among the Aboriginal and Torres
Strait Islander population generally differ substantially from rates in the non-Indigenous
population, the impact of this under-identification may have been considerable.

In 2011, the proportions of Aboriginal and Torres Strait Islander people in Katherine, Oakey and
Williamtown/Salt Ash at the ‘Urban Centre/Locality’ level were 29.5%, 8.2% and 1.4%/2.7% respectively
(Census, 2011).

x
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Study 3: Cancer and cause-specific mortality outcomes

Summary
In our analysis of cancer and mortality rates in the PFAS Management Areas between 1983 and
2017, we estimated higher-than-expected incidence rates of prostate cancer in people who had
lived in Katherine; of laryngeal cancer and coronary heart disease deaths in Oakey; and of kidney
cancer, lung cancer, and coronary heart disease deaths, and possibly bladder cancer and
pancreatic cancer, in Williamtown. The overall standardised rates of any candidate cancer
combined and of any cancer were very similar in the exposed and comparison populations across
all States. For many of the candidate outcomes, the numbers of cases analysed were small and
estimates too imprecise to make any determination about whether rates were different. The
potential for bias in our estimates due to measurement error and confounding, the inconsistency
in findings across the exposure areas, the elevated rates of control outcomes and the absence of
robust prior evidence for an association between PFAS and outcomes highlighted in this study—
apart from a suggestive link between PFOA and kidney cancer and plausible biological pathways
for coronary heart disease—temper any suggestions of causality. This is discussed further in the
final section of the report, below. The findings of elevated intentional self-harm in Oakey and
Williamtown are likely to be concerning to current and previous residents of these areas and
warrant further investigation.
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Considerations of causality
Over the three separate data linkage studies, we did not find evidence to support an association
between living in PFAS Management Areas and most candidate outcomes. For several outcomes,
we estimated higher rates (relative to the comparison populations) of individual adverse health
outcomes in one of the three exposure areas. These were: in Katherine, prostate cancer; in Oakey,
stillbirth, developmental vulnerability in two AEDC domains (physical health and wellbeing, and
communication skills and general knowledge), and laryngeal cancer; and in Williamtown,
postpartum haemorrhage, pregnancy-induced hypertension, kidney cancer and lung cancer. We
also estimated lower rates of liver disease mortality, and lower rates of developmental
vulnerability in the AEDC domain of communication skills and general knowledge in individual
exposure areas. For most of these outcomes, effect sizes were relatively small or imprecise. For
coronary heart disease deaths, both Oakey and Williamtown had higher relative rates.
While we observed statistical evidence of higher rates of some adverse outcomes in exposure
areas, this does not necessarily imply causal associations. In considering whether PFAS exposure
could have caused any of these outcomes, we discuss the following:
•
•
•
•
•

chance and statistical power
bias
consistency of findings across exposure areas
consistency of findings with those of other studies
biological plausibility.

Chance and statistical power
In these observational studies, we selected everyone who had ever lived in the exposure areas
(rather than using a sample). However, because the populations of those who had ever lived in these
areas were small, particularly in Oakey and Williamtown, many analyses were insufficiently
powered to detect other than large differences in rates of outcomes between the exposed and
comparison populations. Moreover, the perinatal, cancer and mortality studies included uncommon
outcomes that would require large sample sizes to detect important risks associated with
exposure. The estimated relative effects for stillbirth, and laryngeal cancer were based on ≤5
cases in the exposed population, while those for postpartum haemorrhage and kidney cancer were
based on 10 and 16 cases respectively. Thus, these estimates are sensitive to even a small number
of cases being missed or misclassified. These circumstances restricted our ability to answer the
question of whether rates differed between the exposed and comparison populations.
We conducted multiple tests of association in these studies. Given the existence of a prior body of
relevant evidence, we were able to interpret our results in the context of previous findings and did
not perform a statistical correction for multiple comparisons. However, in general, there is a small
chance (conventionally about 5% or 1 in 20) that the interval estimate will lead to the conclusion
that the rate differed between the exposed and comparison populations when in fact they are not
different, i.e. a false positive. The rate of false positives increases with the number of tests
conducted. y

Bias
The strengths of these studies derive from using administrative data to select study participants
and classify their exposure, and from linking data to State/Territory and national databases to
identify incident outcomes. Consequently, we expect findings to have been minimally impacted by
y
Assuming 60 tests (e.g. 20 individual cancers in 3 areas), there is a 95% chance, 1 – (0.95)60 , that at least one
finding is a false positive.
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many of the common sources of bias in observational studies, including bias related to selection
and loss to follow-up, and bias due to error in measurement of outcomes. However, the risk of bias
due to confounding was a key concern in all studies in this report.
There are two potential sources of uncontrolled confounding in our studies: measurement error in
the confounding variables (such as poor ascertainment of Aboriginal and Torres Strait Islander
status), and omission of known and unknown confounding variables from the analysis.144 The latter
is the main issue in our studies because of the inability to control for differences in unknown
confounders (this can only be done in randomised studies, never observational studies) and
reliance on administrative data for information on known confounders. This last issue was less of
a problem in the perinatal study, due to the availability of more risk factor information, and more
of an issue in the cancer and mortality study, where we had only limited information on
demographic characteristics, and no information on individual socioeconomic, behavioural and
biological risk factors. For example, we did not have data on family history, smoking and diabetes,
all of which are known risk factors for coronary heart disease deaths.
In particular, we were not able to account for socioeconomic factors as well as we would have liked.
This is important, as socioeconomic conditions are strongly linked to health.145 While we chose
comparison areas that were similar to each exposure area on SES indexes (see Appendix 3), there
was some indication that the populations drawn from these areas were dissimilar, and that this
dissimilarity compounded over time due interstate movement and social mobility. This issue in
selecting matching populations could have been minimised through statistical adjustment in the
analysis; however assigning area-SES longitudinally is challenging and we lacked information on
individual and household SES.
Additionally, we saw evidence of increased rates of the outcomes we designated as control
outcomes in the cancer and mortality study, which further suggests that factors other than PFAS
exposure could have led to differences in rates between the exposed and comparison populations.
Thus, we cannot rule out with reasonable confidence that the findings of these studies, especially
those based on small effect sizes, may have been generated by confounding. Small measurement
errors in, or omission of, several confounders can cumulatively produce sizeable errors in estimates
of risks.144 We also cannot rule out that these issues could have masked real associations.
Our investigations pertained to living in an exposure area, and not necessarily to high PFAS
exposure itself. Using this definition of exposure, measurement was assumed to be reasonably
accurate as it was based on administrative data (for a fuller discussion on this, see pages 37 and
55). However, we lacked the necessary data to quantify the correlations between fact of residence
(‘ever lived’ in an area), duration of residence, and serum PFAS concentrations over time, which
would allow further considerations of causal links (see below).

Consistency of findings across exposure areas
In all three studies, we did not measure serum PFAS concentrations in the populations. However,
measurements from the PFAS Health Study Blood Serum Study provide some context for the
levels of exposure in the Australian context. Between 2016 and 2019, measured serum levels of
PFAS showed that Katherine, Williamtown and Oakey had relatively similar exposure levels. The
median PFAS levels, across the three exposure areas, ranged from: 4.8 to 6.1 ng/ml for PFOS, 2.9
to 3.9 ng/ml for PFHxS and 1.3 to 1.9 ng/ml for PFOA,51 bearing in mind that serum levels measured
at one point in time may not reflect cumulative exposure or changes over time. We did not have the
necessary data to attempt historical reconstructions.
On the strong assumption that PFAS levels and composition were similar across the three exposure
areas over the study period, if PFAS is causally linked to certain adverse outcomes, we would
expect reasonably consistent findings on these outcomes across the three areas, at least in the
direction of effect. This was not the case. We observed an effect on mortality due to coronary heart
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disease in both Oakey and Williamtown (but also effects on control outcomes in these areas), while
all other effects were seen in only one area, with some showing contradictory results—for
example, we saw an increased risk of developmental vulnerability in communication skills and
general knowledge in children in Oakey, but a decreased risk on this domain in Katherine.

Consistency of findings with other studies
There is limited previous evidence to draw definitive conclusions on the effects of PFAS on health.
Considering our candidate outcomes, reviews have noted possible relationships between PFAS and
reduced birthweight, pregnancy-induced hypertension, testicular cancer, kidney cancer, chronic
kidney disease incidence and changes to cholesterol levels.33,34,38-40
Of the above, we saw higher rates of pregnancy-induced hypertension and kidney cancer, in
Williamtown but not in the other two exposure areas. We probably did not have adequate statistical
power to detect effects for testicular cancer and chronic kidney disease mortality in any of the
exposure areas, and for kidney cancer in Katherine. For the other outcomes where statistical power
may not have an issue, we did not see elevated rates (kidney cancer in Oakey, pregnancy-induced
hypertension in Oakey and Williamtown); and we found little to no meaningful differences in birth
weight in all exposure areas. One reason could be the possibly lower levels of PFAS in the
Australian PFAS Management Areas51 compared to other international reports of known
residential drinking water contamination, z and thus potentially low exposure contrast between the
exposed and comparison populations. Study populations with low exposure contrasts can make it
difficult, if not impossible, to observe measurable differences in disease, if a difference exists. The
possibility of confounding is also expected to be stronger in cohorts with low exposure, where
some proportion of the variation in PFAS concentration could be due to physiological differences
among individuals rather than environmental contact.146 Additionally, for chronic kidney disease,
we measured mortality not incidence, and differences in incidence are not necessarily reflected in
mortality given people with kidney disease frequently die from other causes.
On the other hand, we observed several associations that have not been noted in reviews. These
were for prostate, laryngeal and lung cancers, stillbirth and developmental vulnerabilities in the
AEDC domains of physical health and wellbeing, and communication skills and general knowledge;
all of which were observed in just one exposure area. We saw higher rates of coronary heart disease
mortality in two exposure areas. Associations between PFAS and prostate and lung cancers,77,122125,130,132,133
stillbirth,57,58 and death from coronary heart disease123,128,130,138 have not been observed in
highly exposed community cohorts, or worker cohorts with PFAS levels at orders of magnitude
higher than community cohorts. aa While elevated cholesterol—a risk factor for coronary heart
disease—has been associated with PFAS exposure, we obviously do not know to what extent, if
any, this might explain the higher rates of coronary heart disease deaths observed in Oakey and
Williamtown. While highly exposed children in the mid-Ohio Valley region have been observed to
have poorer executive function, they have also been reported to have higher IQ and fewer learning
problems105,106,114; noting these measurements may not be comparable to ours. The above null or
equivocal patterns seen in highly exposed cohorts call into question the reason for the higher rates
observed in our studies for these outcomes.

z
The median PFAS levels in Ronneby, Sweden with environmental contamination from AFFF were: median
(min-max) PFHxS: 277 ng/ml (12-1,660 ng/ml), PFOS: 245 ng/ml (24–1,500 ng/ml), PFOA: 18 ng/ml (2.4–92
ng/ml). The median PFAS levels in other communities affected by PFOA contamination associated with nearby
manufacturing plants were: mid-Ohio valley, USA—median (min-max) PFOA: 28.2 ng/ml (0.2–22,412 ng/ml);
Veneto region, Northern Italy—PFOA: 44 ng/ml (<0.5—1,400 ng/ml), PFHxS: 3.9 ng/ml (<0.5—127 ng/ml). (see
Li, 2020; Viera, 2013; Pitter 2020)

Median PFOA in various groups of exposed workers: 113—2500 ng/ml, maximum concentration reported
92,030 ng/ml. (see Leonard 2018, Steenland 2015, Raleigh 2014, Gililand & Mandel 1993, Lundin 2009).

aa
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Overall, there was little consistency between the findings of our studies and those that have been
noted in reviews, apart from the higher rates of pregnancy-induced hypertension and kidney
cancer in Williamtown.

Biological plausibility
As far as we know, there are no confirmed or validated mechanisms for the effects of PFAS on
those outcomes where we saw elevated rates. PFAS are hypothesised to disrupt placental growth
and function, thus increasing the risk of adverse perinatal outcomes.72 However, specific
mechanisms for PFAS-induced placental damage leading to specific outcomes have not been
experimentally validated. There are no known mechanisms for the effects of PFAS on early
childhood developmental outcomes. PFOA has been reported to promote hepatocellular
adenomas, pancreatic acinar cell adenomas136,137 and testicular Leydig cell adenomas in rats.137
However, the possible mechanisms for PFAS carcinogenicity in humans are largely unknown.

Overall conclusion
Of necessity, investigation of the health impacts of living in PFAS-contaminated areas relies on
observational studies. Despite their limitations, our data linkage studies add to the body of
evidence on this topic. Studies with long-term follow up of incident disease in large-sized cohorts
with large exposure contrasts are the most likely to detect true associations, should they exist.
There was limited support in these studies for effects of living in PFAS Management Areas on
candidate health outcomes. While there were higher rates of some adverse outcomes in individual
areas, the evidence suggesting that this was due to living in these areas was limited. We did not
have direct measurements of PFAS exposure and we cannot rule out that the higher rates were
due to chance or confounding. Further, there was low consistency in observed associations across
the three PFAS Management Areas, some control outcomes were elevated, and at present, there
is limited prior evidence or biological plausibility for PFAS causing these outcomes in humans.
Overall, our findings are consistent with previous studies, which have not conclusively identified
causative links between PFAS and these health outcomes.
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Adjustment—the modification of an estimate to account for potential confounders (see
confounding). For example, the crude relative risk of stillbirth was 0.99 in Katherine. After
adjustment for year of birth, maternal age, and mother’s Aboriginal and Torres Strait Islander
status, the adjusted relative risk was 0.95.
Association—a relationship between two variables. A positive association is where the mean/rate
of one variable tends to increase/is higher as the value of another variable increases. An inverse
association is where the mean/rate of one variable tends to decrease/is lower as the value of
another variable increases. A null association is where there is no relationship between two
variables.
Bias—any systematic error that results in an incorrect effect estimate (see effect estimate).
Candidate outcomes—health outcomes investigated in this study that may be possibly associated
with PFAS.
Causal relationship—where one variable (for example, exposure) causes another (for example, a
health outcome). As opposed to ‘association’, where one variable is related to, but does not
necessarily cause, the other.
Chance/random error—some study results may reflect a true effect; however, some results can
arise simply because of chance (randomness).
Comparison areas—specific postcodes in NT, Qld and NSW that have similar sociodemographic
characteristics to Katherine, Oakey and Williamtown respectively (see Box 1 for postcodes).
Comparison population—a sample of individuals who had lived in the comparison areas.
Confidence interval—a range of probable values for an estimate. The point estimate and its
confidence interval are collectively known as the interval estimate.
Confounding—occurs if the characteristics of the exposed population do not match the
characteristics of the comparison population, and it is these characteristics that cause an effect
(see effect) to be observed. This makes the effect estimate biased (see bias). For example, if we
compare an older population to a younger population, age may be the reason why a difference in
rates of disease is observed. Age is a confounding factor here unless appropriately accounted for.
Control outcomes—health outcomes investigated in this study that were not known or thought to
be associated with PFAS.
Crude statistic—an estimated statistic prior to any adjustments (see adjustment).
Data linkage—bringing together two or more records that relate to the same individual.
Difference in means—the difference in the means of an outcome between two populations.
Effect—the influence of one condition (for example, exposure) on another (for example, a health
effect).
Effect estimate/point estimate—the value of a measurement used to estimate an effect (see
effect). For example, the estimated relative rate, relative risk or mean difference.
Exposed population—all individuals who lived in the exposure areas.
Exposure areas—areas with known PFAS contamination, that is, the PFAS Management Areas. In
some sensitivity analyses, we considered the wider areas that fall under Katherine, Oakey and
Williamtown postcodes as the exposure areas.
Exposure levels—the level of a population’s exposure to PFAS. Background levels reflect exposure
to low levels of PFAS typically seen in the general population who have not experienced high levels
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of exposure. Community exposure levels reflect exposure to high levels of PFAS through
environmental contamination of residential areas located close to facilities that use or produce
PFAS. Occupational levels represent exposure to very high levels of PFAS through work at facilities
that use or produce PFAS.
Internal validity—the extent to which the findings of a study represent the population being
studied, as opposed to ‘external validity’ which is whether findings of a study can be applied to a
population beyond the study in a different setting.
Latency period—a period of time between first exposure and onset of disease.
Left-truncation—occurs when the study begins after the time of first exposure. For example, we
began the cancer study in 1983 even though exposure to PFAS started in the 1970s. The implication
is that individuals who were exposed to PFAS prior to 1983 may not have been included in the study.
Mean—the arithmetic mean or average is the central value of a set of values, i.e. the sum of the
values divided by the number of values. For example, the mean of 1,2,2,2,4,4,5 is 2.85 (20 divided
by 7).
Measurement error—incorrectly recorded values. For example, some teachers will be harder or
softer in their judgement when scoring children on the AEDC (see also misclassification).
Median—the midpoint of a set of values. For example, the median value of 1,2,2,2,4,4,5 is 2. The
median can be more useful than the mean when there are many extreme values.
Misclassification—when someone or something is assigned to an incorrect category. For example,
someone could be misclassified as non-Indigenous if they did not identify as Aboriginal and/or
Torres Strait Islander (see also measurement error).
Monotonic relationship—where one variable strictly increases (or strictly decreases) with another
variable. If the variables also move at a constant rate, the monotonic relationship is also linear.
Non-differential—if misclassification error occurs in the same way in both the exposed and
comparison populations.
Percentile—a score below which a certain percentage of the population falls. For example, 91% of
the population falls below an IQ score of 120 (which is the 91st percentile).
Person-time—the total amount of time a person is observed. As epidemiological studies usually
follow a group of individuals as they move through time, the total person-time is a combination of
the number of people and amount of time. Total person-time is the denominator in calculation of
the rate of the outcome.
PFAS Management Areas—the areas in Katherine, Oakey and Williamtown, within boundaries
defined by the Australian Department of Defence, that have known PFAS contamination. All street
addresses within the PFAS Management Areas are captured in the PFAS Address Database.
Potential exposure areas—locations nearby the PFAS Management Areas in Katherine, Oakey and
Williamtown but not included in the PFAS Address Database.
Prenatal exposure—PFAS exposure that occurs before birth; for example, during pregnancy.
Rate (incidence)—the number of new cases per unit person-time (see person-time). For example,
the rate of head and neck cancer was 2.33 cases per 10,000 person-years in Katherine.
Regression—a statistical method used to quantify the relationship between two variables.
Risk ratio (RR) or incidence ratio (IR)—the ratio of the risk/incidence of an outcome in one
population divided by the risk/incidence in a reference population. The risk ratio is also known as
the relative risk.
Risk/rate difference—the difference in the risk/rate of an outcome between two populations.
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Risk—the number of new cases divided by the total number of individuals. For example, the risk of
preterm birth was 455/5,606 or 8% in Katherine.
Selection bias—occurs when there is a systematic difference between people who are included in
the study and those who are not.
Singleton baby/pregnancy—only one baby born at one birth, as opposed to a multiple such as twins
or triplets.
Sociodemographic—a combination of social and demographic factors.
Socioeconomic—a combination of social and economic factors.
Standard deviation—a measure of the spread of a set of values relative to its mean. A low standard
deviation means values are closer to the mean, while a large standard deviation means the values
are spread over a wider range.
Standardised incidence ratio (SIR)—the number of observed cases in a population divided by the
number of cases that would be expected if the population had the same disease rate as comparison
population.
Statistical power—the ability of a study to detect an effect (see effect), if there is actually an
effect. This depends on the number of people in the study (sample size), how common the health
outcome is, how large the variance (spread) of the measure, and how large the expected effect is.
The smaller the expected effect, the more power required.
Under-identification—occurs when fewer people in a minority group are recorded in a dataset than
are truly present.
Variable—a characteristic that varies among individuals. A binary variable is a variable where there
can only be two possible values (for example, ‘yes’ or ‘no’). For example, bone cancer is a binary
variable as person can either be diagnosed with it or not. A categorical variable is a variable where
there can only be a limited number of values. For example, BMI is categorical variable with four
possible values ‘underweight’, ‘normal’, ‘overweight’, and ‘obese’). Note BMI can also be treated as
a continuous variable. A continuous variable is a variable whose values can take any number
including decimal places. For example, birth weight is a continuous variable.
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Appendix 1
Data Integration
Data linkage authorities
The Australian Institute of Health and Welfare Data Integration Services Centre (AIHW DISC)—a
Commonwealth-accredited data integration authority—linked all study datasets involving the
Medicare Enrolment File. Formal guidelines for integrating Commonwealth data for research
projects were endorsed by the Commonwealth Secretaries Board in 2010. Full details, including
how to apply for access to Medicare data for research purposes, are available on the Australian
Government National Statistical Service webpage.147
The AIHW DISC performed the linkages between the Medicare Enrolment File to:
•
•
•
•
•

the PFAS Address Database
comparison area postcodes
the Australian Cancer Database
the Australian Early Development Census
the National Death Index.

NT Health, Data Linkage Queensland and the Centre for Health Record Linkage (CHeReL)
performed the linkages between the NT, Qld and NSW Perinatal Data Collections respectively, to:
•
•

the PFAS Address Database
comparison area postcodes.

Separation principle
The separation principle was in place throughout all data linkages performed for this study. The
separation principle is an important strategy to protect privacy and provides data custodians with
control over managing privacy and data access.
The cornerstone of handling confidential data is limiting access to data to those who need it.
Consequently, staff have access to only those datasets required for their work. In particular, staff
undertaking linkage have access only to identifying variables (such as names and dates of birth),
staff undertaking data merging have access only to the content variables (such as clinical
information, medical or pharmaceutical details) and data analysts have access only to nonidentifiable and appropriately confidentialised integrated datasets. The separation principle
ensures that no one working with the data is able to view both the linking (identifying) information
and the merged analysis (content) data in an integrated dataset.
Linkage method
All linkages in this study were undertaken using probabilistic linkage methods. Probabilistic
linkage is the linkage of records in two files based on the probabilities of agreement and
disagreement, as opposed to exact agreement, between a range of linkage variables (fields used
for comparison). It is based on the framework of Fellegi and Sunter148 for linking records together
using several fields. Linkage variables include identifying information such as name, address, date
of birth and gender. No health or content data are used as linkage variables.
The linkage process involves running a series of passes that allow for variation in full name
information and demographic data. Each pass consists of exact matching on selected ‘blocking’
variables and then calculating a comparison weight for each potential record pair. The comparison
weight is calculated based on the level of agreement across multiple linkage variables.
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Subsequently, manual clerical review of possible records pairs is undertaken to assign a decision
of link or non-link to each record pair. In sample-based clerical review, only a sample of potential
record pairs is reviewed in order to identify a comparison weight decision cut-off. This cut-off
attempts to optimise the number of incorrect links that would be accepted against the number of
correct links that would be missed.149
Linkage software
Commercial or open-source software can be used for probabilistic or more complex exact stepwise linkage. The CHeReL and Data Linkage Queensland uses ChoiceMaker software,150 which is
freely available; the AIHW has developed a bespoke linkage program, written in SAS.149
Linkage error
Despite use of probabilistic linkage techniques, all data linkages are subject to errors because of
incorrect or omission of details in personal information; for example, changes in surname may not
be captured, given names may be transposed, spelled incorrectly or partly replaced by nicknames,
or the date of birth may be wrong. The extent of linkage error is largely unknown in this study, and
the resulting direction of bias difficult to predict, as linkage error may manifest as false links
(linkage to the wrong person) or missed records (failure to link at all).
We assumed linkage error to be small in this study and unlikely to differ in the exposed and
comparison populations. Given this, it is likely that linkage error will have at most a small effect on
estimates or, if anything, bias estimates towards the null (underestimation of effects).
The proportion of addresses in the PFAS Address Database that linked to the Perinatal Data
Collections or the Medicare Enrolment File is presented in Appendix Table 1. We do not know the
true proportion of households that experienced a pregnancy or birth event in the study period;
therefore, we were unable to quantify the coverage of the study population for the analyses of
perinatal outcomes. The proportion of addresses in the PFAS Address Database that linked to the
Medicare Enrolment File was 98% (after excluding non-residential addresses). This means we
would have captured at least one individual who ever lived in these addresses; however, we do not
know the extent of missed individuals (many individuals could have lived in a given address over
the long study period) due to missed or wrongly linked addresses.
Appendix Table 1: Proportion of addresses in the PFAS Address Database that linked to Perinatal Data
Collections or Medicare Enrolment File
Katherine

Oakey

Williamtown

Overall

3,007

1,958

918

5,883

Perinatal Data Collection

N/A

24% (465)

14% (121)

20%

Medicare Enrolment File

81% (2,444)

86% (1,684)

73% (673)

82%

Total addresses in PFAS Address
Database
Linked to:

Table notes
1.

The NT Perinatal Data Collection does not collect address-level residential information; the Katherine
study population for analyses of perinatal outcomes was selected on locality instead. Therefore, the
proportion of Katherine addresses in the PFAS Address Database that would have linked to the NT
Perinatal Data Collection is unknown.

2.

Data linkers at the AIHW Data Integration Services Center deemed some addresses in the PFAS Address
Database to be non-residential, duplicated or vacant blocks. After exclusion of these addresses, the
overall linkage rate was 98% (5,750/5,883).
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Appendix 2
Ethics
Ethics approvals
The PFAS Data Linkage Study involved linkages of Commonwealth databases and jurisdictional
data collections. The Medicare Enrolment File, NDI, ACD, and the AEDC are Commonwealth data
held by the AIHW, but State and Territory governments retain ownership of their jurisdiction’s data
in the ACD. The NT, Qld and NSW Perinatal Data Collections are held by the relevant States.
Ethical approvals were obtained from the following Committees:
•
•
•
•
•
•
•
•
•

ACT Health Human Research Ethics Committee
AIHW Ethics Committee
ANU Human Research Ethics Committee
NSW Population and Health Services Ethics Committee
Aboriginal Health and Medical Research Council of NSW Ethics Committee
NT Department of Health and Menzies School of Health Research Ethics Committee
SA Department of Health and Ageing Human Ethics Committee
Tasmanian Health and Medical Human Research Ethics Committee
WA Aboriginal Health Ethics Committee.

Data custodian approvals were obtained for all databases used in this study. The AIHW DISC
facilitated data custodian approvals for AIHW-held data including the NDI and the Medicare
Enrolment File, and acquisition of a Public Interest Certificate signed by the Minister for Health of
the Commonwealth. We obtained approvals from each Australian State/Territory cancer registry
for the use of the ACD, and the Australian Department Education, Skills and Employment for the
use of the AEDC.
Privacy and waiver of consent
This study was compliant with all Australian Privacy Principles (APP) except APP6 (use or
disclosure of personal information). As this project was conducted without consent, which would
breach APP6, a waiver of consent pursuant to section 95 of the Privacy Act 1988 was sought and
granted on the basis of the large number of people involved, the high degree of privacy protection
afforded by application of the separation principle, and additional measures relating to data
access and use that aimed at minimising the re-identification risks of integrated data.
Secure data storage and access
All data linked to the Medicare Enrolment File were stored, accessed and analysed in the Secure
Unified Research Environment (SURE) computing environment through the Sax Institute. SURE
was accessed via the Australian Academic and Research Network (AARNET) or the internet using
an encrypted connection from researchers’ local computers, which must meet security
requirements. Descriptive data and analysis results were downloaded from SURE under curator
surveillance and stored on secure, password-protected networks at the ANU. Data from
jurisdictional Perinatal Data Collections were stored on password-protected ANU secure servers.
Only Hsei Di Law and Rosemary Korda had access to the data for this study.
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Selection of comparison areas
The study team chose comparison areas separately for each of the three PFAS Management Areas.
Comparison areas were selected with the aim of ensuring the populations drawn from these areas
were similar to the exposed populations in terms of sociodemographic factors.
We selected comparison areas from within the same State/Territory as each of the exposure areas,
and had similar sociodemographic profiles to the corresponding exposure area bb in terms of the
following characteristics at the SA2 geographical level: socioeconomic disadvantage, measured
by the ABS IRSD deciles; geographical remoteness, measured by ARIA+ categories (Very Remote,
Remote, Outer Regional, Inner Regional and Major Cities); and proportion Aboriginal and Torres
Strait Islander in the year 2011. cc
Comparison areas were selected at the SA2 level before translation to postcodes due to the level
of data available for sociodemographic characteristics. As many postcodes were chosen as
necessary for the expected comparison population to reach approximately four times that of the
exposed population.
The following tables published by the ABS were used to perform the above steps:
•
•
•

SA2 Index of Relative Socio-economic Disadvantage 2011
2011 Estimated Resident Aboriginal and Torres Strait Islander and non-Indigenous
population by SA2
SA2 2011 to Remoteness Area 2011 correspondence file.

Apart from Katherine, Oakey and Williamtown, there are other sites under investigation for
environmental contamination with PFAS. We coordinated with the PFAS Taskforce of the
Department of Agriculture, Water and the Environment, NSW Environment Protection Authority,
NSW Health, and Queensland Health to exclude potential comparison areas in NSW and Qld that
had recorded exceedances of the National Health and Medical Research Council (NHMRC) drinking
water guidelines for PFAS since testing began.151 Results for comparison areas in the NT were
checked against the Power and Water Corporation PFAS monitoring.152
Selected comparison SA2s were then mapped to postcodes using the ABS Postcode 2011 to SA2
2011 table. This was necessary as the data sources from which the study populations were chosen
(Medicare Enrolment File, Perinatal Data Collections) do not record address information at the SA2
level. Final comparison area postcodes were selected where at least 50% of the postcode is
donated to the SA2.
The comparison area postcodes for the three exposure areas were:
•
•
•

Katherine: 0800, 0828, 0829, 0835, 0836, 0837, 0838, 0840, 0841, 0845, 0846, 0880,
0886
Oakey: 4311, 4371, 4372, 4373, 4610
Williamtown: 2334, 2335, 2864, 2865, 2866, 2867, 2477.

We selected the following SA2s to encompass the PFAS Management Areas: ‘Jondaryan’ for Oakey,
‘Williamtown-Medowie-Karuah’ for Williamtown and ‘Katherine’ for Katherine.

bb

cc
The SA2 statistical area structure first became available in 2011 under the Australian Statistical Geography
Standard.
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Appendix 4
Deviations to original study protocol
Perinatal
We measured the outcomes of postpartum haemorrhage and emergency caesarean, instead of the
outcome of delivery complications (p. 27 of original study protocol53). We did not include the
outcome of gender (p. 27) as we did not consider this meaningful.
Cancer and cause-specific mortality
•

•

•

•

•

•

•

•

The linkage between Medicare Enrolment File to the Personnel Management Key Solution
(PMKeyS) database, in order to identify Department of Defence personnel for adjustment
purposes (p. 18 of original study protocol), was considered not feasible for this study.
Further, as the PMKeyS database only contains Defence staff from 2001 onwards, the
relevant analyses would likely not have sufficient length of follow-up to observe cases, and
insufficient statistical power.
Instead of the address list compiled by the Department of Defence and the NSW
Environmental Protection Authority (p. 18), we used the PFAS Address Database created
by the study team (Box 1). This was because the original list was not created for the purpose
of identifying residences in the exposure areas and may have been incomplete.
Instead of undertaking a search of the public domain and government documents to
identify other areas of potential PFAS exposure apart from Katherine, Oakey and
Williamtown, the study team coordinated with the PFAS Taskforce, NSW Environmental
Protection Authority, NSW Health and Qld Health (p. 24).
We did not examine the outcomes of first hospitalisation or death due to acute myocardial
infarction, stroke, or major cardiovascular (p. 29). This was because we did not have access
to hospitalisation data for this study. However, we examined the incidences of deaths due
to coronary heart disease and stroke.
For control outcomes, instead of deaths due to land transport accidents and accidental
falls (p. 29–30), we measured the incidences of death due to all external causes (not only
accidents and falls), death due to parasitic or infectious diseases, and death due to
intentional self-harm.
We estimated SIRs for all cancer and cause-specific mortality outcomes in order to avoid
reporting relative effect estimates using a mixture of rate ratios, hazard ratios and SIRs (p.
32).
We did not exclude those with a post office box address as a sensitivity analysis (p. 35), as
the environmental exposure of PFAS is likely to be diffuse, and not dwelling-specific.
Instead, in a sensitivity analysis, we classified everyone living in Katherine, Oakey or
Williamtown postcodes (which encompass post office boxes) as exposed, assuming those
using post office box addresses were living locally at the time.
We did not conduct sensitivity analyses involving zero lag or censoring study participants
at age 100 instead of 85 years (p. 35), as the results from these analyses would not have
added meaningful data to the research questions.
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Appendix 5
Sensitivity analyses tables
Appendix Table 2. Comparison of perinatal outcomes in exposed and comparison populations: and adjusted relative risks (RR) of adverse perinatal outcomes, and adjusted
difference in means of growth measurements, where continuous covariates were modelled as categorical variables, and where gestational diabetes was included as an
additional covariate
NT
Adjusted RR¹
(95% CI)

Adjusted RR²
(95% CI)

Qld
Adjusted RR³
(95% CI)

Adjusted RR¹
(95% CI)

Adjusted RR²
(95% CI)

NSW
Adjusted RR³
(95% CI)

Adjusted RR¹
(95% CI)

Adjusted RR²
(95% CI)

Adjusted RR³
(95% CI)

Adverse perinatal outcome
Gestational diabetes 1.07 (0.91,1.27)

1.10 (0.93,1.30)

0.95 (0.71,1.26) 0.93 (0.69,1.25)

1.45 (0.86,2.46) 1.43 (0.85,2.41)

Pregnancy-induced
hypertension

0.92 (0.80,1.07) 1.11 (0.93,1.33)

1.02 (0.61,1.71) 0.99 (0.59,1.67)

1.98 (1.35,2.90) 1.88 (1.29,2.73)

Caesarean/assisted
vaginal

0.99 (0.94,1.04) 0.96 (0.91,1.02) 0.98 (0.92,1.04) 1.13 (1.01,1.26)

Emergency
caesarean

0.99 (0.90,1.09) 1.07 (0.96,1.20)

1.10 (0.89,1.38) 1.14 (0.91,1.42)

1.23 (0.83,1.81) 1.13 (0.77,1.67)

Postpartum
haemorrhage

0.95 (0.85,1.06) 1.01 (0.90,1.13)

0.96 (0.70,1.32) 0.90 (0.63,1.27)

1.89 (1.09,3.28) 1.87 (1.07,3.26)

Preterm birth

0.95 (0.85,1.07) 1.06 (0.92,1.22)

1.12 (0.85,1.48) 1.05 (0.77,1.42)

1.47 (0.89,2.41) 1.48 (0.90,2.43)

Spontaneous
preterm birth

0.99 (0.86,1.14) 1.14 (0.96,1.36)

0.96 (0.65,1.44) 0.88 (0.57,1.36)

1.28 (0.61,2.70) 1.32 (0.63,2.79)

Small for
gestational age

0.87 (0.80,0.95) 0.92 (0.82,1.03)

0.94 (0.64,1.39) 1.01 (0.68,1.50)

0.88 (0.49,1.58) 0.87 (0.49,1.54)

Large for
gestational age

0.96 (0.86,1.08) 0.92 (0.80,1.04) 0.86 (0.74,0.99) 0.93 (0.66,1.31) 0.91 (0.64,1.30) 0.89 (0.62,1.27) 0.90 (0.58,1.38) 0.96 (0.63,1.46) 1.06 (0.69,1.63)

Stillbirth

0.95 (0.66,1.36) 0.90 (0.54,1.51)

2.42 (1.19,4.94) 2.59 (1.25,5.39)

1.22 (0.16,9.02) 1.29 (0.17,9.54)

Low Apgar at 5 min

0.94 (0.78,1.13) 1.06 (0.83,1.36)

1.50 (0.99,2.27) 1.48 (0.96,2.29)

1.01 (0.38,2.65) 0.98 (0.37,2.60)

1.13 (1.01,1.27)

1.12 (1.00,1.26)

1.03 (0.84,1.27) 0.99 (0.82,1.21) 0.92 (0.74,1.14)

(Table continued over)
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Term (≥37 weeks) outcome
Term low Apgar
score at 5 min

0.78 (0.60,1.01) 0.84 (0.59,1.20)

1.16 (0.66,2.02) 1.20 (0.69,2.10)

NT

1.61 (0.60,4.32) 1.56 (0.58,4.22)

Qld

NSW

Adjusted
mean diff.¹
(95% CI)

Adjusted
mean diff.²
(95% CI)

Adjusted
mean diff.³
(95% CI)

Adjusted
mean diff.¹
(95% CI)

Adjusted
mean diff.²
(95% CI)

Adjusted
mean diff.³
(95% CI)

Adjusted
mean diff.¹
(95% CI)

Adjusted
mean diff.²
(95% CI)

Adjusted
mean diff.³
(95% CI)

Term birth weight (g) 30.7
(14.0,47.4)

10.4
(−9.7,30.4)

−0.7
(−22.7,21.4)

−10.8
(−50.9,29.3)

−7.4
(−45.0,30.2)

−11.3
(−48.9,26.3)

22.2
(−48.0,92.4)

35.6
(−29.5,100.8)

52.3
(−19.1,123.7)

Term birth length
(cm)

0.3 (0.1,0.4)

0.2 (0.1,0.4)

0.3 (0.1,0.5)

0.3 (0.1,0.6)

Term head
circumference (cm)

0.1 (0.0,0.2)

0.0 (−0.1,0.1)

0.0 (−0.1,0.2)

0.0 (−0.1,0.2)

Growth measure

Table notes
The RR is the risk in the exposed group divided the risk in comparison group. The mean difference is the mean in the exposed group minus the mean in the comparison
group.
1.

RRs/Difference in means from Model 1: adjusted for year of birth, maternal age and mother’s Aboriginal and Torres Strait Islander status (except NSW). Outcomes
restricted to term babies included adjustment for gestational week. Year of birth and maternal age were treated as categorical covariates.

2.

RRs/Difference in means from Model 2: adjusted for year of birth, maternal age, maternal Aboriginal and Torres Strait Islander status (except NSW), parity, marital
status (except NSW), maternal country of birth, maternal BMI (except NT and NSW) and maternal ever smoked during pregnancy. Caesarean/assisted vaginal,
emergency caesarean and postpartum haemorrhage were additionally adjusted for macrosomia. Preterm birth, still birth, low Apgar and growth measures were
additionally adjusted for sex of baby. Outcomes restricted to term babies included adjustment for gestational week. Year of birth, maternal age and maternal BMI
were treated as categorical covariates.

3.

RR/Mean difference adjusted for year of birth, maternal age, maternal Aboriginal and Torres Strait Islander status (except NSW), parity, marital status (except NSW),
maternal country of birth, maternal BMI (except NT and NSW) maternal ever smoke during pregnancy, and gestational diabetes. Caesarean/assisted vaginal were
additionally adjusted for macrosomia. The analysis of term birthweight included adjustment for gestational week.
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Appendix Table 3. Comparison of childhood development outcomes in exposed (lived in PFAS Management Areas since birth) and comparison populations: proportions
and adjusted relative risks (RR)
NT
Exposed
% (n)
Total sample

Comparison
% (n)

Adjusted RR¹
(95% CI)

121

1,850

Physical health and
wellbeing

21% (25)

15% (283)

1.08 (0.76,1.53)

Social competence

21% (26)

14% (263)

1.28 (0.89,1.84)

Emotional maturity

13% (16)

Language and
cognitive skills
(school-based)

Qld
Adjusted RR²
(95% CI)

Exposed
% (n)

Comparison
% (n)

Adjusted RR¹
(95% CI)

90

2,215

0.91 (0.60,1.37)

21% (19)

17% (377)

1.17 (0.77,1.77)

1.15 (0.78,1.70)

19% (17)

15% (343)

14% (248)

0.87 (0.55,1.38) 0.76 (0.46,1.25) 14% (13)

21% (25)

15% (281)

0.93 (0.65,1.33) 0.82 (0.57,1.17)

Communication skills
and general
knowledge

12% (15)

12% (222)

Developmentally
vulnerable on one or
more domains

38% (46)

32% (596)

NSW
Adjusted RR²
(95% CI)

Exposed Comparison
% (n)
% (n)
12

413

1.18 (0.77,1.81)

0

9% (38)

1.18 (0.75,1.87)

1.25 (0.79,1.98)

≤5

11% (47)

14% (307)

1.06 (0.63,1.77)

1.13 (0.67,1.90)

≤5

8% (33)

14% (313)

1.19 (0.74,1.92)

1.09 (0.67,1.78)

≤5

5% (21)

0.78 (0.48,1.26) 0.77 (0.47,1.24) 27% (24)

13% (293)

1.80 (1.24,2.60)

1.91 (1.31,2.79)

0

7% (30)

0.96 (0.77,1.20) 0.81 (0.64,1.03)

32% (717)

1.18 (0.90,1.54)

1.18 (0.91,1.55)

≤5

22% (92)

Vulnerable in:

18% (16)

39% (35)

Table notes
The RR is the risk in the exposed group divided the risk in comparison group.
1. RRs from Model 1: adjusted for sex, Aboriginal and Torres Strait Islander status and Australian Early Development Census (AEDC) year.
2. RRs from Model 2: adjusted for sex, Aboriginal and Torres Strait Islander status, AEDC year, English as second language (except Qld and NSW), Australian Bureau of
Statistics’ Index of Relative Socioeconomic Disadvantage (IRSD) quintile, and remoteness. In NSW, the two lowest remoteness categories and the two highest IRSD
quintiles were combined to avoid sparse categories.
3. Denominators for risks exclude missing values. The number of missing as a proportion of total data, n (%):
•
Physical health and wellbeing = NT: 2 (0.1), Qld: 1 (0.0)
•
Social competence = NT: 6 (0.3)
•
Emotional maturity = NT: 16 (0.8), Qld: 4 (0.2), NSW: 2 (0.5)
•
Language and cognitive skills (school-based) = NT: 6 (0.3), Qld: 1 (0.0)
•
Communication skills and general knowledge = Qld: 3 (0.1)
•
Developmentally vulnerable on one or more domains = NT: 7 (0.4), Qld: 6 (0.3)
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Appendix Table 4. Comparison of childhood development outcomes in exposed (lived in Katherine, Oakey and Williamtown postcodes) and comparison populations:
proportions and adjusted relative risks (RR)
NT
Exposed
% (n)
Total sample

1,471

Comparison
% (n)

Adjusted
RR¹
(95% CI)

Qld
Adjusted
RR²
(95% CI)

1,824

Exposed
% (n)

Comparison
% (n)

467

2,212

NSW
Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

Exposed Comparison
% (n)
% (n)
174

Adjusted
RR¹
(95% CI)

Adjusted
RR²
(95% CI)

413

Vulnerable in:
Physical health
and wellbeing

25% (372) 15% (277)

1.12
1.02
(0.97,1.28) (0.87,1.21)

22% (101)

17% (377)

1.21
1.26
9% (16)
(1.00,1.48) (1.03,1.53)

9% (38)

1.10
0.81
(0.63,1.92) (0.43,1.54)

Social
competence

24% (350) 14% (255)

1.19
(1.03,1.39)

1.08
(0.91,1.28)

16% (76)

16% (343)

1.02
1.06
9% (15)
(0.81,1.28) (0.84,1.34)

11% (47)

0.82
0.63
(0.47,1.42) (0.34,1.18)

Emotional
maturity

20% (294) 13% (243)

1.06
(0.91,1.24)

0.93
(0.77,1.12)

15% (68)

14% (306)

1.01
1.06
9% (15)
(0.79,1.28) (0.83,1.35)

8% (33)

1.13
0.95
(0.63,2.03) (0.48,1.91)

Language and
cognitive skills
(school-based)

30% (440) 15% (276)

1.06
0.83
(0.93,1.20) (0.72,0.95)

17% (81)

14% (313)

1.13
(0.90,1.41)

1.14
(0.91,1.44)

7% (13)

5% (21)

1.75
1.34
(0.90,3.39) (0.59,3.06)

Communication
skills and general
knowledge

22% (328) 12% (216)

1.09
0.94
(0.93,1.27) (0.79,1.13)

18% (86)

13% (293)

1.28
(1.03,1.60)

1.38
(1.11,1.72)

6% (11)

7% (30)

0.99
(0.51,1.94)

0.67
(0.32,1.44)

1.02
(0.94,1.11)

37% (172) 32% (716)

25%
(44)

22% (92)

1.24
(0.91,1.68)

1.06
(0.75,1.51)

Developmentally 48% (700) 32% (584)
vulnerable on one
or more domains

0.89
(0.81,0.98)

1.10
1.14
(0.96,1.25) (1.00,1.30)

The RR is the risk in the exposed group divided the risk in comparison group.
1.
RRs from Model 1: adjusted for sex, Aboriginal and Torres Strait Islander status and Australian Early Development Census (AEDC) year.
2. RRs from Model 2: adjusted for sex, Aboriginal and Torres Strait Islander status, AEDC year, English as second language (except Qld and NSW), Australian Bureau of Statistics’
Index of Relative Socioeconomic Disadvantage (IRSD) quintile, and remoteness. In NSW, the two lowest remoteness categories and the two highest IRSD quintiles were
combined to avoid sparse categories.
3. Denominators for risks exclude missing values. The number of missing as a proportion of total data, n (%):
•
Physical health and wellbeing = NT: 12 (0.4%), Qld: 1 (0.0%)
•
Social competence = NT: 19 (0.6%)
•
Emotional maturity = NT: 40 (1.2%), Qld: 7 (0.3%), NSW: 2 (0.3%)
•
Language and cognitive skills (school-based) = NT: 18 (0.5%), Qld: 1 (0.0%)
•
Communication skills and general knowledge = NT: 1 (0.0%), Qld: 3 (0.1%)
•
Developmentally vulnerable on one or more domains = NT: 23 (0.7%), Qld: 8 (0.3%)
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Appendix Table 5. Number of cases, person-years (PY) and crude rates for cancer and cause-specific mortality
outcomes in relation to living in an exposure area, Northern Territory
NT

Exposed
No.

PY(x10,000) Crude rate (95%CI)

Non-exposed
No.

PY(x10,000)

Crude rate (95% CI)

Cancer
Candidate outcomes
Head and neck

22

9.4

2.33 (1.46,3.47)

427

214.2

1.99 (1.81,2.19)

Oesophageal

7

9.5

0.74 (0.30,1.45)

102

214.5

0.48 (0.39,0.57)

Stomach

≤5

np

0.53 (0.17,1.16)

75

214.5

0.35 (0.28,0.44)

Colorectal

41

9.4

4.35 (3.12,5.84)

699

214.1

3.26 (3.03,3.51)

Liver

≤5

np

0.42 (0.12,1.01)

134

214.5

0.62 (0.52,0.74)

Pancreatic

≤5

np

0.42 (0.12,1.01)

104

214.5

0.48 (0.40,0.58)

Laryngeal

≤5

np

0.11 (0.00,0.49)

86

214.5

0.40 (0.32,0.49)

Lung

30

9.5

3.17 (2.14,4.47)

708

214.3

3.30 (3.07,3.55)

Bone

≤5

np

0.11 (0.00,0.49)

16

214.5

0.07 (0.04,0.12)

Breast

59

5.0

11.69 (8.90,14.97)

816

97.8

8.34 (7.78,8.93)

Uterine

9

5.1

1.76 (0.81,3.22)

91

98.4

0.92 (0.74,1.13)

Ovarian

≤5

np

0.98 (0.32,2.15)

70

98.5

0.71 (0.55,0.89)

Prostate

66

4.3

15.33 (11.86,19.38)

797

115.5

6.90 (6.43,7.39)

Testicular

≤5

np

0.46 (0.06,1.48)

100

115.9

0.86 (0.70,1.04)

Kidney

6

9.5

0.63 (0.23,1.31)

135

214.4

0.63 (0.53,0.74)

Bladder

8

9.5

0.85 (0.37,1.60)

98

214.5

0.46 (0.37,0.55)

Thyroid

≤5

np

0.53 (0.17,1.16)

119

214.4

0.55 (0.46,0.66)

Hodgkin lymphoma

≤5

np

0.11 (0.00,0.49)

39

214.5

0.18 (0.13,0.25)

Non-Hodgkin lymphoma 12

9.5

1.27 (0.66,2.15)

211

214.4

0.98 (0.86,1.12)

Leukaemia

≤5

np

0.32 (0.07,0.85)

143

214.4

0.67 (0.56,0.78)

Any above cancer

270

9.2

29.21 (25.83,32.85) 4,674

211.3

22.12 (21.49,22.76)

Any other cancer

103

9.4

11.01 (8.99,13.29)

213

7.78 (7.41,8.16)

Any cancer

358

9.1

39.13 (35.18,43.34) 6,110

209.8

29.12 (28.39,29.85)

Chronic kidney disease

8

16.1

0.50 (0.21,0.94)

133

383.6

0.35 (0.29,0.41)

Coronary heart disease

40

16.1

2.49 (1.78,3.35)

833

383.6

2.17 (2.03,2.32)

Stroke

12

16.1

0.75 (0.39,1.26)

222

383.6

0.58 (0.51,0.66)

Liver disease

8

16.1

0.50 (0.21,0.94)

273

383.6

0.71 (0.63,0.80)

Infectious or parasitic

8

16.1

0.50 (0.21,0.94)

155

383.6

0.40 (0.34,0.47)

All external causes
apart from self-harm

35

16.1

2.18 (1.52,2.99)

979

383.6

2.55 (2.39,2.72)

Intentional self-harm

30

16.1

1.87 (1.26,2.63)

503

383.6

1.31 (1.20,1.43)

1,656

Cause-specific mortality
Candidate outcomes

Control outcomes

Table notes
Sample sizes were approximately 150,100 individuals for cancer outcomes, and 152,200 for mortality
outcomes.
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Appendix Table 6. Number of cases, person-years (PY) and crude rates for cancer and cause-specific mortality
outcomes in relation to living in an exposure area, Queensland
Qld

Exposed
No.

Non-exposed

PY(x10,000) Crude rate (95%CI)

No.

PY(x10,000)

Crude rate (95% CI)

Cancer
Candidate outcomes
Head and neck

29

14.9

1.95 (1.31,2.76)

369

173.7

2.12 (1.91,2.35)

Oesophageal

12

14.9

0.81 (0.42,1.37)

92

174.1

0.53 (0.43,0.65)

Stomach

7

14.9

0.47 (0.19,0.92)

138

174

0.79 (0.67,0.93)

Colorectal

93

14.8

6.27 (5.06,7.65)

1,009

173.3

5.82 (5.47,6.19)

Liver

≤5

np

0.34 (0.11,0.74)

68

174.1

0.39 (0.30,0.49)

Pancreatic

17

14.9

1.14 (0.67,1.79)

150

174

0.86 (0.73,1.01)

Laryngeal

10

14.9

0.67 (0.32,1.19)

50

174

0.29 (0.21,0.38)

Lung

61

14.9

4.10 (3.14,5.23)

719

173.8

4.14 (3.84,4.45)

Bone

≤5

np

0.07 (0.00,0.31)

11

174.1

0.06 (0.03,0.11)

Breast

88

7.6

11.55 (9.26,14.16)

1,089

86.2

12.63 (11.89,13.40)

Uterine

18

7.7

2.34 (1.39,3.61)

159

87.1

1.82 (1.55,2.12)

Ovarian

7

7.7

0.91 (0.37,1.78)

99

87.2

1.14 (0.92,1.38)

Prostate

107

7.1

15.05 (12.33,18.10)

1,233

85.9

14.35 (13.56,15.17)

Testicular

6

7.2

0.84 (0.31,1.73)

73

86.7

0.84 (0.66,1.05)

Kidney

25

14.9

1.68 (1.09,2.44)

238

173.9

1.37 (1.20,1.55)

Bladder

12

14.9

0.81 (0.42,1.37)

182

173.9

1.05 (0.90,1.21)

Thyroid

22

14.9

1.48 (0.93,2.20)

181

173.9

1.04 (0.89,1.20)

Hodgkin lymphoma

≤5

np

0.13 (0.02,0.43)

27

174

0.16 (0.10,0.22)

Non-Hodgkin lymphoma 23

14.9

1.55 (0.98,2.28)

276

173.9

1.59 (1.41,1.78)

Leukaemia

23

14.9

1.55 (0.98,2.28)

243

173.9

1.40 (1.23,1.58)

Any above cancer

521

14.5

36.00(32.98,39.20) 5,934

169.3

35.05 (34.16,35.95)

Any other cancer

174

14.7

11.83 (10.13,13.68)

2,253

171.8

13.11 (12.58,13.66)

Any cancer

656

14.3

45.82 (42.38,49.43)

7,799

167.2

46.63 (45.60,47.68)

Chronic kidney disease

10

23.1

0.43 (0.21,0.77)

114

318.2

0.36 (0.30,0.43)

Coronary heart disease

114

23.1

4.94 (4.08,5.91)

1,186

318.2

3.73 (3.52,3.94)

Stroke

27

23.1

1.17 (0.77,1.68)

372

318.2

1.17 (1.05,1.29)

Liver disease

15

23.1

0.65 (0.36,1.05)

128

318.2

0.40 (0.34,0.48)

Infectious or parasitic

10

23.1

0.43 (0.21,0.77)

77

318.2

0.24 (0.19,0.30)

All external causes
apart from self-harm

72

23.1

3.12 (2.44,3.91)

536

318.2

1.68 (1.55,1.83)

Intentional self-harm

53

23.1

2.30 (1.72,2.98)

327

318.2

1.03 (0.92,1.14)

Cause-specific mortality
Candidate outcomes

Control outcomes

Table notes
Sample sizes were approximately 122,100 individuals for cancer outcomes, and 123,200 for mortality
outcomes.
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Appendix Table 7. Number of cases, person-years (PY) and crude rates for cancer and cause-specific mortality
outcomes in relation to living in an exposure area, New South Wales
NSW

Exposed
No.

PY(x10,000) Crude rate (95%CI)

Non-exposed
No.

PY(x10,000)

Crude rate (95% CI)

Cancer
Candidate outcomes
Head and neck

12

4.7

2.57 (1.33,4.35)

134

65.1

2.06 (1.72,2.43)

Oesophageal

≤5

np

0.43 (0.05,1.37)

44

65.3

0.67 (0.49,0.90)

Stomach

≤5

np

0.86 (0.23,2.03)

56

65.2

0.86 (0.65,1.11)

Colorectal

37

4.6

7.96 (5.61,10.85)

488

64.9

7.52 (6.87,8.21)

Liver

≤5

np

0.86 (0.23,2.03)

32

65.3

0.49 (0.34,0.68)

Pancreatic

13

4.7

2.78 (1.48,4.62)

78

65.3

1.20 (0.94,1.48)

Laryngeal

≤5

np

0.43 (0.05,1.37)

24

65.2

0.37 (0.24,0.54)

Lung

57

4.7

12.22 (9.26,15.72)

361

65.2

5.54 (4.98,6.13)

Bone

No observed events

≤5

np

0.05 (0.01,0.12)

Breast

43

2.3

18.48 (13.37,24.64) 536

32.1

16.69 (15.31,18.15)

Uterine

7

2.4

2.96 (1.19,5.81)

60

32.6

1.84 (1.40,2.35)

Ovarian

≤5

np

0.42 (0.01,1.97)

42

32.6

1.29 (0.93,1.72)

Prostate

49

2.3

21.61 (15.99,28.32)

656

32.1

20.42 (18.88,22.03)

Testicular

≤5

np

0.43 (0.01,2.03)

21

32.6

0.64 (0.40,0.97)

Kidney

16

4.7

3.43 (1.96,5.43)

94

65.2

1.44 (1.16,1.76)

Bladder

14

4.7

3.00 (1.64,4.90)

97

65.2

1.49 (1.21,1.81)

Thyroid

6

4.7

1.28 (0.47,2.65)

42

65.2

0.64 (0.46,0.86)

Hodgkin lymphoma

≤5

np

0.21 (0.01,1.00)

14

65.3

0.21 (0.12,0.35)

Non-Hodgkin lymphoma 16

4.7

3.43 (1.96,5.44)

155

65.1

2.38 (2.02,2.78)

Leukaemia

10

4.7

2.14 (1.03,3.80)

116

65.2

1.78 (1.47,2.13)

Any above cancer

263

4.5

58.76 (51.87,66.18) 2,811

63.1

44.56 (42.93,46.23)

Any other cancer

88

4.6

19.23 (15.42,23.57) 1,045

64.3

16.24 (15.27,17.25)

Any cancer

325

4.4

74.07 (66.23,82.46) 3,659

62.2

58.80 (56.91,60.72)

Chronic kidney disease

7

6.4

1.09 (0.44,2.14)

49

101

0.49 (0.36,0.64)

Coronary heart disease

92

6.4

14.32 (11.54,17.47)

589

101

5.83 (5.37,6.32)

Stroke

29

6.4

4.51 (3.02,6.39)

208

101

2.06 (1.79,2.35)

Liver disease

6

6.4

0.93 (0.34,1.92)

46

101

0.46 (0.33,0.60)

Infectious or parasitic

10

6.4

1.56 (0.75,2.76)

51

101

0.50 (0.38,0.66)

All external causes
apart from self-harm

17

6.4

2.65 (1.54,4.14)

181

101

1.79 (1.54,2.07)

Intentional self-harm

14

6.4

2.18 (1.19,3.56)

79

101

0.78 (0.62,0.97)

Cause-specific mortality
Candidate outcomes

Control outcomes

Table notes
Sample sizes were approximately 37,800 individuals for cancer outcomes, and 37,900 for mortality outcomes.
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Appendix Table 8. Cancer and cause-specific mortality outcomes: observed (O) and expected (E) case
numbers in the exposed populations (lived in PFAS Management Areas for ≥10 years), and SIRs
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Head and neck

≤5\≤5

1.62 (0.33,4.74) 19\16

Oesophageal

No observed events

9\≤5

2.09 (0.95,3.96) ≤5\≤5

0.52 (0.01,2.91)

Stomach

No observed events

≤5\np

0.74 (0.24,1.74) ≤5\≤5

1.30 (0.27,3.81)

Colorectal

No observed events

57\47

1.20 (0.91,1.56)

15\20

0.74 (0.41,1.22)

Liver

No observed events

≤5\≤5

0.67 (0.08,2.40) ≤5\≤5

1.32 (0.16,4.76)

Pancreatic

≤5\≤5

1.13 (0.49,2.23)

2.00 (0.80,4.11)

Laryngeal

No observed events

Lung

≤5\≤5

Bone

No observed events

≤5\≤5

2.14 (0.05,11.93) No observed events

Breast

≤5\≤5

49\50

0.98 (0.72,1.29) 13\20

0.65 (0.34,1.11)

Uterine

No observed events

9\8

1.17 (0.53,2.22)

≤5\≤5

0.78 (0.09,2.81)

Ovarian

No observed events

≤5\≤5

0.66 (0.14,1.93)

≤5\≤5

0.62 (0.02,3.44)

Prostate

8\≤5

2.09 (0.90,4.12) 61\59

1.04 (0.79,1.33)

28\28

0.99 (0.65,1.42)

Testicular

No observed events

≤5\≤5

1.55 (0.42,3.98) No observed events

Kidney

No observed events

14\11

1.28 (0.70,2.16)

6\≤5

1.59 (0.58,3.47)

Bladder

No observed events

10\8

1.20 (0.58,2.21)

9\≤5

2.27 (1.04,4.31)

Thyroid

No observed events

11\8

1.45 (0.73,2.60) ≤5\≤5

Hodgkin lymphoma

No observed events

No observed events

Non-Hodgkin lymphoma

≤5\≤5

Leukaemia

No observed events

Any above cancer

20\22

0.92 (0.56,1.42) 288\272 1.06 (0.94,1.19)

125\112

1.12 (0.93,1.33)

Any other cancer

≤5\np

0.71 (0.23,1.66)

46\41

1.13 (0.83,1.51)

Any cancer

24\28

0.87 (0.55,1.29) 367\356 1.03 (0.93,1.14)

159\143

1.12 (0.95,1.30)

Chronic kidney disease

≤5\≤5

1.30 (0.03,7.23) 7\6

1.19 (0.48,2.45)

≤5\≤5

2.06 (0.67,4.82)

Coronary heart disease

≤5\≤5

1.31 (0.43,3.06)

1.20 (0.94,1.52)

45\25

1.82 (1.32,2.43)

Stroke

≤5\≤5

1.85 (0.22,6.68) 17\19

0.91 (0.53,1.46)

11\10

1.10 (0.55,1.96)

Liver disease

≤5\≤5

1.34 (0.16,4.85)

6\6

1.03 (0.38,2.25) ≤5\≤5

0.52 (0.01,2.90)

≤5\≤5

1.10 (0.30,2.82)

≤5\≤5

0.75 (0.09,2.71)

All external causes apart ≤5\≤5
from self-harm

1.22 (0.40,2.84) 22\20

1.10 (0.69,1.67)

7\7

1.05 (0.42,2.17)

Intentional self-harm

0.43 (0.01,2.42) 20\12

1.61 (0.98,2.48)

≤5\≤5

0.87 (0.11,3.15)

1.96 (0.05,10.90) 8\7
≤5\≤5

0.93 (0.19,2.70) 32\34
1.01 (0.28,2.59)

1.00 (0.03,5.56) 10\13
9\11
98\100

1.22 (0.74,1.91)

8\5

7\≤5

1.54 (0.67,3.04)

1.77 (0.48,4.54) No observed events
0.93 (0.64,1.31)

32\14

2.25 (1.54,3.17)

1.93 (0.40,5.63)

No observed events

0.79 (0.38,1.45) 6\6

0.95 (0.35,2.07)

0.79 (0.36,1.50) ≤5\≤5

1.04 (0.34,2.44)

0.98 (0.80,1.19)

Cause-specific mortality
70\58

Control outcomes
Infectious or parasitic

No observed events

≤5\≤5

Table notes
The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
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Appendix Table 9. Cancer and cause-specific mortality outcomes with a lag period of 5 years: observed (O)
and expected (E) case numbers in the exposed populations, and SIRs
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Head and neck

28\26

1.09 (0.72,1.57)

Oesophageal

10\6

1.55 (0.74,2.85) 13\9

1.47 (0.78,2.52) 6\5

1.11 (0.41,2.42)

Stomach

≤5\np

1.00 (0.32,2.32) 8\13

0.63 (0.27,1.24) ≤5\np

0.77 (0.25,1.79)

Colorectal

56\44

1.26 (0.95,1.64)

1.21 (0.99,1.45)

48\56

0.86 (0.63,1.14)

Liver

7\10

0.69 (0.28,1.43) 10\7

1.41 (0.68,2.60)

≤5\≤5

0.89 (0.24,2.27)

Pancreatic

≤5\np

0.60 (0.16,1.53)

1.32 (0.80,2.07) 25\9

2.67 (1.73,3.94)

Laryngeal

≤5\≤5

0.42 (0.05,1.52) 11\≤5

2.56 (1.28,4.58) ≤5\≤5

0.84 (0.10,3.03)

Lung

36\40

0.90 (0.63,1.25) 66\67

0.99 (0.77,1.26) 74\41

1.79 (1.40,2.24)

Bone

≤5\≤5

1.34 (0.03,7.45) ≤5\≤5

1.08 (0.03,6.04) ≤5\≤5

3.95 (0.10,22.02)

Breast

71\66

1.07 (0.84,1.35)

0.92 (0.76,1.12)

58\59

0.98 (0.74,1.27)

Uterine

9\7

1.23 (0.56,2.33) 20\15

1.31 (0.80,2.03)

9\7

1.29 (0.59,2.44)

Ovarian

≤5\≤5

1.18 (0.38,2.75)

9\10

0.93 (0.42,1.76) ≤5\≤5

0.64 (0.13,1.87)

Prostate

75\46

1.65 (1.30,2.06)

123\112

1.10 (0.91,1.31)

72\80

0.91 (0.71,1.14)

Testicular

≤5\np

0.94 (0.31,2.19)

9\8

1.15 (0.53,2.19)

≤5\≤5

0.49 (0.01,2.75)

Kidney

7\10

0.73 (0.29,1.50) 27\25

1.06 (0.70,1.55)

19\11

1.68 (1.01,2.63)

Bladder

9\≤5

1.83 (0.83,3.47) 16\16

1.02 (0.58,1.65)

18\11

1.60 (0.95,2.52)

Thyroid

10\9

1.05 (0.51,1.94)

1.42 (0.96,2.02) 7\≤5

1.54 (0.62,3.16)

Hodgkin lymphoma

≤5\≤5

0.37 (0.01,2.03) ≤5\≤5

0.98 (0.20,2.85) ≤5\≤5

0.64 (0.02,3.55)

Non-Hodgkin lymphoma

14\15

0.96 (0.53,1.62) 29\28

1.05 (0.70,1.51)

16\17

0.92 (0.52,1.49)

Leukaemia

7\9

0.77 (0.31,1.60)

1.13 (0.75,1.65)

16\14

1.18 (0.68,1.92)

Any above cancer

337\301 1.12 (1.00,1.25)

620\573 1.08 (1.00,1.17)

362\319 1.13 (1.02,1.26)

Any other cancer

133\104

219\226 0.97 (0.84,1.10)

131\117

Any cancer

450\389 1.16 (1.05,1.27)

792\763 1.04 (0.97,1.11)

458\410 1.12 (1.02,1.22)

Chronic kidney disease

9\10

0.91 (0.41,1.72)

11\12

0.95 (0.48,1.70) 11\7

1.63 (0.81,2.92)

Coronary heart disease

61\46

1.31 (1.01,1.69)

140\108

1.30 (1.09,1.53)

122\68

1.78 (1.48,2.13)

Stroke

13\12

1.07 (0.57,1.83)

35\34

1.03 (0.71,1.43)

39\28

1.42 (1.01,1.93)

Liver disease

14\21

0.66 (0.36,1.10)

21\15

1.41 (0.87,2.15)

7\6

1.17 (0.47,2.41)

10\11

0.92 (0.44,1.70) 12\9

1.37 (0.71,2.40)

12\8

1.60 (0.82,2.79)

All external causes apart 57\67
from self-harm

0.85 (0.64,1.10)

86\63

1.36 (1.09,1.69)

23\21

1.08 (0.69,1.62)

Intentional self-harm

1.08 (0.78,1.46)

64\43

1.49 (1.15,1.90)

20\9

2.25 (1.37,3.47)

1.28 (1.07,1.51)

36\35

113\94
19\14

107\116

30\21

27\24

1.02 (0.71,1.41)

15\15

1.02 (0.57,1.69)

1.12 (0.94,1.33)

Cause-specific mortality

Control outcomes
Infectious or parasitic

42\39

Table notes
The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
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Appendix Table 10. Cancer and cause-specific mortality outcomes with a lag period of 15 years: observed (O)
and expected (E) case numbers in the exposed populations, and SIRs
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Head and neck

15\13

1.12 (0.63,1.84)

Oesophageal

≤5\≤5

Stomach

24\25

0.98 (0.62,1.45) 10\8

1.31 (0.63,2.41)

1.32 (0.43,3.08) 11\6

1.72 (0.86,3.07) ≤5\≤5

0.33 (0.01,1.82)

≤5\≤5

1.00 (0.21,2.92)

6\9

0.67 (0.24,1.45) ≤5\≤5

0.29 (0.01,1.62)

Colorectal

30\26

1.17 (0.79,1.67)

75\68

1.11 (0.87,1.39)

27\28

0.95 (0.63,1.39)

Liver

≤5\np

0.47 (0.10,1.38)

≤5\np

0.71 (0.19,1.83)

≤5\≤5

0.79 (0.10,2.84)

Pancreatic

≤5\≤5

0.52 (0.06,1.87) 13\11

1.24 (0.66,2.11)

8\6

1.42 (0.61,2.81)

Laryngeal

≤5\≤5

0.38 (0.01,2.10)

2.21 (0.89,4.55) ≤5\≤5

0.81 (0.02,4.50)

Lung

20\23

0.88 (0.54,1.36) 47\48

0.97 (0.72,1.29) 40\22

1.84 (1.31,2.50)

Bone

≤5\≤5

3.42 (0.09,19.05) No observed events

No observed events

Breast

41\35

1.18 (0.84,1.60)

29\32

Uterine

7\≤5

1.68 (0.67,3.45) 17\11

1.58 (0.92,2.53) 7\≤5

1.83 (0.74,3.77)

Ovarian

≤5\≤5

1.60 (0.33,4.69) 7\7

1.05 (0.42,2.17)

≤5\≤5

0.41 (0.01,2.27)

Prostate

51\27

1.88 (1.40,2.47)

91\82

1.11 (0.90,1.37)

34\41

0.83 (0.58,1.16)

Testicular

≤5\≤5

0.38 (0.01,2.14)

6\≤5

1.22 (0.45,2.65) ≤5\≤5

0.86 (0.02,4.82)

Kidney

≤5\np

0.71 (0.19,1.81)

19\18

1.05 (0.63,1.64)

1.89 (0.98,3.30)

Bladder

≤5\≤5

1.31 (0.36,3.35)

11\11

0.98 (0.49,1.75) 9\6

1.51 (0.69,2.87)

Thyroid

≤5\np

0.97 (0.32,2.27) 21\14

1.47 (0.91,2.24)

≤5\≤5

1.38 (0.38,3.54)

Hodgkin lymphoma

≤5\≤5

0.78 (0.02,4.36) ≤5\≤5

1.03 (0.13,3.73)

≤5\≤5

1.15 (0.03,6.38)

Non-Hodgkin lymphoma

10\8

1.30 (0.63,2.40) 19\20

0.97 (0.58,1.52) 11\9

1.21 (0.60,2.16)

Leukaemia

≤5\np

0.38 (0.05,1.39) 15\17

0.86 (0.48,1.42) 8\7

1.10 (0.48,2.18)

Any above cancer

191\166

1.15 (0.99,1.33)

430\409 1.05 (0.95,1.16)

Any other cancer

71\54

1.31 (1.02,1.65)

141\158

Any cancer

249\210 1.19 (1.04,1.34)

543\541 1.00 (0.92,1.09)

Chronic kidney disease

6\7

0.91 (0.33,1.98)

9\8

Coronary heart disease

23\27

Stroke
Liver disease

7\≤5

76\81

0.94 (0.74,1.17)

12\6

184\170

0.89 (0.75,1.06) 59\63

0.91 (0.61,1.30)

1.09 (0.93,1.25)
0.94 (0.72,1.21)

227\218 1.04 (0.91,1.18)

Cause-specific mortality
1.07 (0.49,2.03) 6\≤5

1.65 (0.60,3.58)

0.86 (0.54,1.29) 92\79

1.17 (0.94,1.43)

52\36

1.45 (1.08,1.90)

6\7

0.81 (0.30,1.77)

23\25

0.93 (0.59,1.39) 20\15

1.36 (0.83,2.11)

≤5\np

0.41 (0.13,0.96)

10\12

0.86 (0.41,1.58)

≤5\≤5

1.37 (0.45,3.21)

≤5\np

0.81 (0.26,1.89)

8\6

1.27 (0.55,2.50) ≤5\≤5

0.63 (0.13,1.85)

Control outcomes
Infectious or parasitic

All external causes apart 21\33
from self-harm

0.64 (0.39,0.97) 53\41

1.29 (0.96,1.68)

13\12

1.12 (0.60,1.91)

Intentional self-harm

1.22 (0.78,1.81)

1.49 (1.07,2.01)

9\6

1.63 (0.75,3.10)

24\20

42\28

Table notes
The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
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Appendix Table 11. Cancer and cause-specific mortality outcomes: observed (O) and expected (E) case
numbers in the exposed populations, and SIRs including adjustment for Aboriginal and Torres Strait Islander
identification
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Head and neck

22\20

1.12 (0.70,1.70)

Oesophageal

7\5

Stomach

0.96 (0.64,1.37) 12\10

1.17 (0.61,2.05)

1.32 (0.53,2.72) 12\8

1.59 (0.82,2.78) ≤5\≤5

0.46 (0.06,1.68)

≤5\≤5

1.24 (0.40,2.88) 7\11

0.64 (0.26,1.32) ≤5\≤5

0.86 (0.23,2.19)

Colorectal

41\37

1.11 (0.80,1.51)

93\81

1.15 (0.92,1.40)

37\40

0.93 (0.66,1.28)

Liver

≤5\np

0.47 (0.13,1.20)

≤5\np

0.76 (0.25,1.78) ≤5\≤5

1.18 (0.32,3.02)

Pancreatic

≤5\np

0.71 (0.19,1.82)

17\12

1.37 (0.80,2.20) 13\8

1.69 (0.90,2.89)

Laryngeal

≤5\≤5

0.26 (0.01,1.47)

10\≤5

2.70 (1.30,4.97) ≤5\≤5

1.18 (0.14,4.26)

Lung

30\33

0.91 (0.62,1.30)

61\57

1.07 (0.82,1.37)

57\30

1.88 (1.43,2.44)

Bone

≤5\≤5

1.99 (0.05,11.11)

≤5\≤5

1.20 (0.03,6.71)

No observed events

Breast

59\51

1.15 (0.88,1.49)

88\99

0.89 (0.72,1.10)

43\45

Uterine

9\6

1.55 (0.71,2.94)

18\13

1.42 (0.84,2.24) 7\6

1.26 (0.51,2.59)

Ovarian

≤5\≤5

1.58 (0.51,3.68)

7\8

0.84 (0.34,1.72) ≤5\≤5

0.27 (0.01,1.53)

Prostate

66\38

1.73 (1.34,2.21)

107\96

1.11 (0.91,1.34)

49\58

0.84 (0.62,1.12)

Testicular

≤5\≤5

0.50 (0.06,1.79) 6\7

0.91 (0.33,1.98)

≤5\≤5

0.63 (0.02,3.51)

Kidney

6\8

0.77 (0.28,1.68) 25\22

1.14 (0.74,1.68)

16\9

1.88 (1.07,3.05)

Bladder

8\≤5

1.82 (0.79,3.59) 12\14

0.88 (0.45,1.53) 14\8

1.68 (0.92,2.83)

Thyroid

≤5\np

0.67 (0.22,1.56) 22\18

1.23 (0.77,1.86)

1.58 (0.58,3.45)

Hodgkin lymphoma

≤5\≤5

0.51 (0.01,2.82)

≤5\≤5

0.82 (0.10,2.96) ≤5\≤5

0.80 (0.02,4.46)

Non-Hodgkin lymphoma

12\11

1.06 (0.55,1.84)

23\24

0.97 (0.61,1.45)

16\13

1.24 (0.71,2.01)

Leukaemia

≤5\np

0.39 (0.08,1.15)

23\20

1.14 (0.72,1.71)

10\10

0.98 (0.47,1.81)

Any above cancer

270\241 1.12 (0.99,1.26)

521\490 1.06 (0.97,1.16)

263\236 1.11 (0.98,1.26)

Any other cancer

103\81

174\192

88\87

Any cancer

358\308 1.16 (1.04,1.29)

656\651 1.01 (0.93,1.09)

Chronic kidney disease

8\9

0.91 (0.39,1.79)

10\10

0.96 (0.46,1.76) 7\≤5

1.43 (0.58,2.95)

Coronary heart disease

40\39

1.02 (0.73,1.40)

114\93

1.23 (1.01,1.48)

92\48

1.92 (1.55,2.36)

Stroke

12\11

1.09 (0.56,1.90)

27\30

0.91 (0.60,1.33)

29\19

1.49 (1.00,2.15)

Liver disease

8\17

0.47 (0.20,0.92) 15\14

1.09 (0.61,1.79)

6\≤5

1.22 (0.45,2.65)

8\9

0.93 (0.40,1.84) 10\8

1.28 (0.61,2.36)

10\6

1.81 (0.87,3.33)

All external causes apart 35\51
from self-harm

0.69 (0.48,0.95) 72\52

1.38 (1.08,1.73)

17\16

1.07 (0.63,1.72)

Intentional self-harm

0.97 (0.66,1.39) 53\37

1.42 (1.06,1.85)

14\7

1.95 (1.07,3.27)

1.27 (1.03,1.54)

29\30

0.91 (0.78,1.05)

6\≤5

0.96 (0.70,1.30)

1.01 (0.81,1.25)

325\303 1.07 (0.96,1.20)

Cause-specific mortality

Control outcomes
Infectious or parasitic

30\31

Table notes
The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
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Appendix Table 12. Cancer and cause-specific mortality outcomes, where a lag period of 10 years was applied
to those already living in an exposure area at the inception of Medicare: observed (O) and expected (E) case
numbers in the exposed populations, and SIRs
Katherine, NT
O\E
cases

SIR (95% CI)

Oakey, Qld
O\E
cases

SIR (95% CI)

Williamtown, NSW
O\E
cases

SIR (95% CI)

Cancer
Head and neck

22\20

1.11 (0.69,1.68)

Oesophageal

7\5

Stomach

0.98 (0.64,1.42) 12\10

1.17 (0.61,2.05)

1.33 (0.53,2.73) 12\7

1.69 (0.87,2.95) ≤5\≤5

0.47 (0.06,1.70)

≤5\≤5

1.23 (0.40,2.86) 7\10

0.73 (0.29,1.51)

≤5\≤5

0.84 (0.23,2.16)

Colorectal

41\36

1.14 (0.82,1.54)

88\74

1.18 (0.95,1.46)

36\40

0.90 (0.63,1.25)

Liver

≤5\np

0.47 (0.13,1.20)

≤5\np

0.78 (0.25,1.81)

≤5\≤5

1.17 (0.32,2.99)

Pancreatic

≤5\np

0.74 (0.20,1.90) 15\11

1.31 (0.73,2.15)

13\8

1.60 (0.85,2.73)

Laryngeal

≤5\≤5

0.26 (0.01,1.46)

2.80 (1.28,5.32) ≤5\≤5

1.22 (0.15,4.42)

Lung

30\32

0.94 (0.64,1.35) 57\53

1.07 (0.81,1.39)

1.75 (1.31,2.29)

Bone

≤5\≤5

2.12 (0.05,11.83) ≤5\≤5

1.78 (0.05,9.94) No observed events

Breast

58\52

1.12 (0.85,1.45)

79\93

0.85 (0.67,1.06) 43\44

0.98 (0.71,1.32)

Uterine

9\6

1.56 (0.71,2.96)

17\12

1.40 (0.81,2.24)

1.33 (0.53,2.74)

Ovarian

≤5\≤5

1.65 (0.54,3.86) 6\7

0.83 (0.30,1.80) ≤5\≤5

0.28 (0.01,1.54)

Prostate

66\37

1.76 (1.36,2.24)

101\91

1.11 (0.91,1.35)

46\58

0.79 (0.58,1.06)

Testicular

≤5\≤5

0.51 (0.06,1.86)

6\6

1.00 (0.37,2.18)

≤5\≤5

0.69 (0.02,3.83)

Kidney

6\8

0.77 (0.28,1.67) 24\21

1.14 (0.73,1.69)

15\9

1.74 (0.98,2.87)

Bladder

8\≤5

2.02 (0.87,3.98) 12\12

1.00 (0.52,1.75)

13\8

1.56 (0.83,2.67)

Thyroid

≤5\np

0.66 (0.21,1.54)

1.19 (0.73,1.81)

6\≤5

1.72 (0.63,3.74)

Hodgkin lymphoma

≤5\≤5

0.49 (0.01,2.75) ≤5\≤5

0.83 (0.10,3.00) ≤5\≤5

0.83 (0.02,4.63)

Non-Hodgkin lymphoma

12\11

1.06 (0.55,1.85)

23\23

1.02 (0.65,1.53)

15\12

1.20 (0.67,1.99)

Leukaemia

≤5\np

0.41 (0.08,1.19)

21\19

1.10 (0.68,1.68)

9\10

0.88 (0.40,1.68)

Any above cancer

269\238 1.13 (1.00,1.27)

486\456 1.07 (0.97,1.17)

Any other cancer

102\80

160\178

Any cancer

356\304 1.17 (1.05,1.30)

610\605 1.01 (0.93,1.09)

311\300

1.04 (0.92,1.16)

Chronic kidney disease

8\8

0.94 (0.41,1.86)

10\10

1.02 (0.49,1.88)

7\5

1.29 (0.52,2.67)

Coronary heart disease

40\37

1.07 (0.77,1.46)

103\85

1.21 (0.99,1.47)

88\49

1.79 (1.43,2.20)

Stroke

12\10

1.22 (0.63,2.13)

26\27

0.98 (0.64,1.43) 26\21

1.25 (0.81,1.83)

Liver disease

8\17

0.46 (0.20,0.91) 15\13

1.13 (0.63,1.87)

6\≤5

1.27 (0.46,2.76)

8\9

0.93 (0.40,1.83) 10\8

1.33 (0.64,2.44) 10\6

1.68 (0.80,3.09)

All external causes apart 34\51
from self-harm

0.67 (0.46,0.94) 70\51

1.38 (1.08,1.75)

16\16

0.98 (0.56,1.59)

Intentional self-harm

0.98 (0.66,1.40) 50\36

1.40 (1.04,1.84)

14\7

1.95 (1.06,3.26)

1.28 (1.04,1.56)

27\28

9\≤5

21\18

53\30

7\5

252\234 1.08 (0.95,1.22)

0.90 (0.76,1.05) 85\86

0.99 (0.79,1.22)

Cause-specific mortality

Control outcomes
Infectious or parasitic

30\31

Table notes
The standardised incidence ratio (SIR) is the ratio of the number of observed cancer cases in the exposed
population to the number that would be observed (‘expected’) if the exposed population experienced the same
cancer/death rates as the comparison population.
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